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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This work examines the effects of cell-wall degrading enzyme, bacterial inoculant, 
and formic acid on silage quality of orchardgrass (Dactylis glomerata L.) and alfalfa 
(Medicago sativa L.). The dissertation begins with a General Introduction followed by 
five independent papers presented in the following order: Enzyme and bacterial inoculant 
effects on cocksfoot and lucerne ensiled at high dry matter levels; Cell-wall degradation 
of ensiled forages treated with enzyme, inoculant, and formic acid; Fermentation 
products from ensiled forages treated with enzyme, inoculant, and formic acid; Intake, 
digestibility, and composition of orchardgrass and alfalfa silages treated with enzyme, 
inoculant, and formic acid; and Cell-wall digestion kinetics of enzyme and formic acid 
treated orchardgrass and alfalfa silages. The papers have been or are to be submitted to 
the journal indicated on the title page of each paper. The papers are followed by 
General Conclusions, and references cited in the General Introduction are listed after the 
General Conclusions. 
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Literature Review 
Silage Fermentation 
Proper ensiling of forages is an anaerobic process in which plant sugars are 
fermented to organic acids, predominantly lactic and acetic acids, with a subsequent 
decrease in pH to 4.0 to 4.2, which is the level normally required for good quality silage 
(McDonald et al., 1991). To achieve desired silage quality, producers should understand 
the biological and chemical processes that occur during ensiling, their effects on silage 
quality, and how these processes can be controlled. The crop undergoes four phases 
during ensiling: aerobic, anaerobic, stable, and feeding phases. 
Aerobic Phase. Immediately after cutting and during the early stages of ensiling, 
plant enzyme activities dominate, and the processes of respiration and proteolysis are of 
particular concern. During plant respiration, sugars and oxygen are consumed to release 
carbon dioxide, water, and energy, with virtually all of the energy converted to heat 
(McDonald et al., 1991). Because sugars are highly digestible, their respiration causes 
losses of energy and dry matter (DM) with increased fiber concentration in the silage. 
Sugars also are the main substrates for the desirable lactic acid bacteria, and excess loss 
of sugars from respiration during silo filling decreases the chances of obtaining a low 
enough pH for good silage preservation (Bolsen, 1995). When the silo is first sealed, 
respiration is important to remove oxygen from the silo and create an anaerobic 
environment. Respiration rates are maximum at DM concentrations less than 200 g kg ' 
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and for most temperate plants at temperatures near 3S°C. Holt et al. (1982) found, 
however, that the respiration rate of alfalfa reached a maximum at SO°C. Respiration 
rates are approximately 30 and 70% of maximum rates at 300 and 500 g DM kg ', 
respectively (Pitt et al., 1985). Additionally, legumes have higher respiration rates than 
maize and other grasses (Muck and Pitt, 1993). Heat produced from respiration 
increases silage temperature, which accelerates the rates of all reactions. The most 
detrimental are the Maillard or "browning" reactions, which occur at temperatures above 
44''C (Bolsen, 1995). In the Maillard reaction, a reducing sugar binds to an amino acid 
or protein. The new linkages formed within and between peptide chains decrease the 
solubility and digestibility of the protein (McDonald, 1982). The polymers formed are 
measured as acid detergent fiber (ADF) and acid detergent insoluble N during fiber 
determination (Bolsen, 1995). 
During proteolysis, plant enzymes and facultatively anaerobic enterobacteria 
hydrolyze proteins to nonprotein nitrogen (NPN) compounds. Soluble NPN in grasses 
and legumes entering silos is usually between 100 and 350 g kg'^  total N, but it can 
range from 250 to 850 g kg ' N after ensiling (Muck and Pitt, 1993). Large amounts of 
NPN in the silage can cause problems at feeding. When an energy source, such as 
sugars and lactic acid, is present, rumen microbes can synthesize their protein from 
NPN. However, when energy is limiting, the NPN escapes through the rumen wall and 
is excreted in the urine (Van Soest, 1994). As a result, silage rations for high-producing 
dairy cows may need to be supplemented with rumen-undegradable protein for maximum 
milk yield (Muck and Pitt, 1993). 
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Because of greater protein concentration and buffering capacity in legumes than in 
grasses, legumes are more susceptible to proteolysis (McDonald and Henderson, 1962). 
Fairbaim et al. (1992) rqmrted a twenty-one fold increase in NH3-N concentration in 
alfalfa after 90 d of ensiling, whereas Jacobs and McAllan (1991) found a six fold 
increase in ammonia-N (NH3-N) concentration in perennial ryegrass (Lolium perenne L.) 
after 130 d of ensiling. Proteolysis is less in legumes containing tannins, such as 
birdsfoot trefoil (Loms cormculatus L.), sericea lespedeza (Lespedeza cuneata (Dum-
Cours) G. Don), and sainfoin (Onobrychis viciifolia Scop.), than in alfalfa, which 
contains no tannins. Furthermore, cicer milkvetch (Astragalus cicer L.) and red clover 
(JHfolium pratense L.) that are free of tannins have less proteolysis than alfalfa for 
reasons that are not yet completely understood (Albrecht and Muck, 1991). 
Proteolysis is highest during the first day of silo sealing and decreases rapidly as 
oxygen is used up, with little activity occurring after 1 wk of proper ensiling. Maximum 
proteolysis occurs at a pH of 5.5 to 6.0, which is the typical pH of a freshly chopped 
crop at ensiling, but proteolysis decreases as pH declines and is 15 to 35% of maximum 
rates at pH 4.0. Thus, an early fermentation or addition of an acid at ensiling will 
decrease proteolysis (Muck and Pitt, 1993). Since both proteolysis and growth of lactic 
acid bacteria increase with temperature, the net effect of increased temperature on 
proteolysis rate is not as dramatic (Muck and Dickerson, 1988). 
Enterobacteria activity is common during the furst days of ensiling. In addition to 
their proteolytic activity, they ferment glucose to lactate, acetate, succinate, and formate, 
and smaller amounts of ethanol. Enterobacteria can also reduce pyruvate to butanediol 
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(McDonald et al., 1991). Optimum pH for their growth ranges from 6.0 to 7.0. 
(Bolsen, I99S). Because most enterobacteria will not grow at a pH below S.O, rapid 
lactic acid production by lactic acid bacteria will inhibit their growth. 
The aerobic phase can be shortened by rapid filling, tight packing, and effective 
sealing of the ensiled material to exclude air and water. 
Anaerobic Phase. Under proper ensiling conditions, growth of lactic acid bacteria 
dominate this phase. Lactic acid bacteria often are described as facultative anaerobes, 
but this label should be used with caution because a specific strain can behave differentiy 
depending on the growth substrate and/or environmental conditions (Condon, 1983; Gill 
et al., 1986). Depending on their fermentation pathways, lactic acid bacteria can be 
divided into two groups: homofermenters, which produce only lactic acid from hexoses; 
and heterofermenters, which produce lactic, acetic acid/ethanol, and carbon dioxide from 
hexoses. Additionally, both homo- and heterofermenters can ferment pentoses to lactic 
and acetic acids (McDonald et al., 1991). Lactic is a sd'onger acid than acetic acid and 
production of relatively more lactic than acetic acid will result in a lower pH. Unlike 
other organisms, which change from fermentative to respiratory pathways in the presence 
of oxygen, metabolism of the lactic acid bacteria remains fermentative (Condon, 1987). 
Lactic acid bacteria typically produce less lactic and more acetic acid when oxygen is 
present, and in the absence of sugars, they wiU convert lactic to acetic acid (Condon, 
1987; McDonald et al., 1991). 
Amounts of sugar needed for homolactic fermentation vary with the buffering 
capacity of the ensiled plant and other ensiling conditions, such as packing, sealing of 
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silo, and use of additives. Lund6n-Pettersson and Lindgren (1990) concluded that at 
least 25 g of water-soluble carbohydrates Isg'^  firesh material were needed to obtain an 
acceptable quality in control silages, whereas 20 g was sufficient in grass and legume 
silages inoculated with lactic acid bacteria. 
Lactic acid bacterium numbers are low in standing alfalfa, and the increase in 
numbers during wilting of the cut crop is affected by wilting time, air temperature, and 
DM of the crop (Muck, 1989a). Ambient temperature and DM concentration of the 
plant are the main factors affecting the growth rate of lactic acid bacteria in the silo. 
Most lactic acid bacteria in silage grow fastest at a temperature between 2S and SS^C. 
At DM concentrations above 600 g kg'S growth is very slow and fermentation may not 
be complete until 1 month of storage. At 300 g DM kg ', most fermentations will be 
finished within 1 to 2 wk except under cold (< 10°C) conditions (Muck and Pitt, 1993). 
Cell-wall degradation due to acidic hydrolysis and microbial action can occur during 
ensiling. Morrison (1979) found 10 to 20% degradation of hemicellulose when perennial 
ryegrass was ensiled, the extent of the loss differing whether chemical additives were 
applied or not. In the same study, cellulose was degraded only S% or less. More recent 
work showed a 14 and 38% decrease in neutral detergent fiber (NDF) and hemicellulose 
concentiration, respectively, during ensiling of perennial ryegrass (Selmer-Olsen et al., 
1993a). Decreases in cell-wall concentration in legumes during ensiling can be partiy 
attributable to proteolysis of cell-wall protein. Jones et al. (1992a) found 46 to 68% 
decreases in the amount of protein associated with the cell walls during ensiling of 
alfalfa. 
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Presence of Clostridia in silage is usually a result of soil contamination. Clostridia 
grow under strictly anaerobic conditions and are more abundant in forage with a DM 
concentration less than 300 g kg'^  (Muck and Pitt, 1993). A pH of 4.2 is considered 
sufficiently low to inhibit their growth (McDonald et al., 1991). Clostridial spores 
typically germinate in the silage after the lactic acid bacteria have consumed most of the 
sugars in the ensiled forage, if the pH is not low enough to inhibit clostridial growth 
(Bolsen, 1995). Saccharolytic Clostridia ferment sugars and organic acids, such as lactic 
acid, to butyric acid, and proteolytic Clostridia ferment amino acids to to a variety of 
products, including NH3, amines, and volatile organic acids, which are of poor 
nutritional value. Some Clostridia have both types of activity (McDonald et al., 1991). 
Some of the pathways result in signillcant DM and energy losses (Bolsen, 1995). High 
butyric acid and NH3 concentrations cause silage pH to rise. A clostridial silage is 
characterized by butyric acid levels greater than lactic acid levels, NH3-N levels greater 
than 100 g kg ' N, pH above 5.0, and a "rancid butter" odor (Muck and Pitt, 1993). 
Stable Phase. When lactic acid bacteria have used up all the sugar in the crop or 
when pH gets low enough to restrict their growth, the stable phase begins. Little 
biological activity occurs during this period. However, slow movement of oxygen 
through silo walls and covers can cause growth of yeasts, molds, and aerobic bacteria at 
the exposed surfaces of silos (Muck and Pitt, 1993). 
Feeding Phase. Well preserved silage with a high lactic acid concentration in 
relation to other organic acids will be eatenreadily by ruminant animals, whereas silage 
with a high acetate, ethanol, or NH3 concentration is less palatable for the ruminant 
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resulting in decreased intake (Muck and Pitt, 1993). Wilkins et al. (1971) reported that 
voluntary intake was positively correlated with DM and total N concentrations, and with 
lactic acid as a percentage of total acids. Additionally, intake was negatively correlated 
with acetic acid concentration and NH3 as a percentage of total N (Wilkins et al., 1971). 
After a silo is opened and during feeding, the silage can be deteriorated by yeasts, 
molds, or aerobic bacteria. These organisms convert plant sugars, fermentation 
products, or other energy-rich nutrients in the silage to carbon dioxide, water, and heat 
(McDonald et al., 1991). Because fermentation acids are consumed by aerobic 
microorganisms, silage pH increases and sometimes exceeds 7.0. Heating is the most 
common sign of aerobic deterioration of silages. Thus, aerobic spoilage causes 
increased DM losses by degradation of nutrients and growth of toxic organisms (Muck 
and Pitt, 1993), Yeasts, which are normally active from pH 3 to 8 and up to a 
temperature of 45°C, grow on sugars and fermentation products and often initiate 
deterioration. Molds also have a pH range from 3 to 8 and a temperature range from 10 
to 40°C. Their presence is undesirable because they hydrolyze and metabolize a broad 
spectrum of nutrients from cell walls to sugars and lactic acid. Furthermore, some 
molds produce mycotoxins, which are harmful to animals and humans (McDonald et al., 
1991). Acetic acid bacteria can initiate silage deterioration by oxidation of ethanol to 
acetic acid followed by rapid oxidation of lactic and acetic acids to carbon dioxide, with 
a subsequent raise in silage pH (Spoelstra et al., 1988). Aerobic bacilli start to grow 
when the pH increases above S.O and are important in extending aerobic spoilage (Muck 
and Pitt, 1992). Listeria, which grow in silage with slow oxygen exposure during a long 
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time, can cause listeriosis, a disease of the nervous system, in both animals and humans 
and can induce abortions (McDonald et al., 1991). 
Cell-Wall Degrading Enzymes 
There are two main reasons for applying cell-wall degrading enzymes, such as 
cellulases and hemicellulases, to silage. The first reason is to increase the sugar 
concentration in the silage and, consequently, stimulate the lactic acid bacteria to ferment 
sugars to lactic acid. This is especially important when crops with low sugar 
concentrations, such as legumes and low DM (<300 g kg ') forages are ensiled. The 
second reason is to increase in animals the DM intake and digestibility of the silage by 
enzymatic hydrolysis of the partly digestible cellulose and hemicellulose to rapidly 
digestible cell solubles (McDonald et al., 1991). 
Effect on Cell Walls. Numerous studies have reported decreased cell-wall 
concentrations in enzyme-treated grass silage (Van Vuuren et al., 1989; Jaakkola, 1990; 
Jaakkola et al., 1991; Thorstensson et al., 1991b; Jacobs and McAllan, 1991; Choung 
and Chamberlain, 1992; Jacobs et al., 1992). In alfalfa, some studies have shown 
decreased cell-wall concentration (Tengerdy et al., 1991; Sheperd et al., 1995), whereas 
others have reported no effect of enzymes on cell-wall concentration (Jaster and Moore, 
1988; Kung et al., 1991). In studies with alfalfa where reductions in cell walls were 
reported, the enzymes were combined with a bacterial inoculant. Greater and more 
consistent cell-wall degradation in the experiments conducted on grass can parUy be 
10 
explained by differences in DM concentrations among the studies. Grass was ensiled at 
DM concentrations ranging from 170 to 250 g kg'S whereas alfalfa was ensiled from 350 
to 600 g DM kg '. Li the study by Tengerdy et al. (1991), where enzyme degraded cell 
walls, alfalfa was ensiled at 220 g DM kg '. In most cases, enzymes are applied on a 
fresh weight basis and thus, less enzyme is added per unit DM in high DM than in low 
DM silage. The decreasing enzyme activity with increasing DM concentration was 
confirmed by Van Vuuren et al. (1989), who applied a commercial enzyme mixture on a 
DM basis to grass silage. They concluded that the decreasing cell-wall degradation was 
related to less efficient distribution of the enzymes because of deprivation of water in the 
silage. A lower moisture concentration also can result in accumulation of reaction 
products that can inhibit hydrolytic reactions, such as cell-wall hydrolysis (Van Vuuren 
etal., 1989). 
In direct comparisons among cellulase-treated perennial ryegrass (172 g DM kg '), 
alfalfa (113 g DM kg*'), and red clover (233 g DM kg '), Henderson et al. (1982) found 
greater cellulose degradation in grass than in legume silages. Less cell-wall degradation 
in legumes than in grasses at similar DM concentrations and maturities largely depends 
on more lignified cell-walls in the legumes (Buxton and Russell, 1988). Lignin, which 
forms a complex with hemicellulose, also protects cellulose from enzymatic and 
microbial attack (Hatfield, 1993). In addition, the rate of cellulose degradation is related 
to the amount of surface area accessible for cellulolytic enzymes (Weimer et al., 1990). 
Cell-wall concentrations in grasses and legumes increase with increasing maturity, 
with a greater increase in legumes than in grasses (Buxton and Russell, 1988). As a 
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result, lignin concentration increases and becomes a larger portion of total cell wall as 
plants mature, and there is a greater increase in grasses than in legumes. Van Vuuren et 
al. (1989) rq)orted decreased enzymatic cell-wall hydrolysis of grass silage with 
increasing maturity of plants. This decrease is probably related to the inability of 
enzymes to penetrate into more lignified cell-wall structures (Weimer et al., 1990). 
Thus, the theory that enzymes could allow a mature plant to act like a less mature, 
higher quality plant is partly restricted by the increased lignification at later maturities 
(Van Vuuren et al., 1989). 
Pectins are present in the lignin-hemicellulose complex (Hatfield, 1993), and can, 
therefore, provide steric hindrance to enzymatic cellulose degradation. Pectic substances 
are present primarily in the primary cell wall and middle lamella, which is also the area 
of highest lignin concentration (Northcote, 1969; Wilson and Mertens, 1995). Legumes 
(200-300 g kg'^  cell wall) contain much more pectins than grasses (< 10 g kg'' cell wall) 
(Selvendran, 1983). In contrast to lignin, pectin concentration is greater in immature 
than in mature heibage (Buxton and Mertens, 1995). In an attempt to further increase 
cell-wall degradation during ensiling, pectinase has been added to forage in combination 
with cellulase and hemicellulase (Kung et al., 1991; Tengerdy et al., 1991; Sheperd et 
al., 1995). There was, however, no effect of pectinase on cell-wall degradation in those 
experiments. Because pectins are usually rapidly and extensively digested (Titgemeyer 
et al., 1992), their degradation during ensiling is of less concern than that of cellulose. 
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Effect on Fermentation. Sugars released during enzymatic cell-wall hydrolysis can 
either accumulate in the plant or be fermented to organic acids, preferrably lactic acid, 
during ensiling. In plants with sufficient sugar concentration for homolactic 
fermentation, additional sugars from cell-wall hydrolysis accumulate in the cell solubles 
of the plants (Russell, 1985; Choung and Chamberlain, 1992; Jacobs et al., 1992; 
Selmer-Olsen et al., 1993a). In plants, with insufficient sugar concentrations for 
homolactic fermentation, lactic acid bacteria will benefit firom the extra sugars released 
from cell-wall degradation, and lactic acid production increases, whereas acetic acid 
concentixition decreases or remains unchanged (Jaakkola, 1990; Jaakkola et al., 1991; 
Chen et al., 1994). Sheperd et al. (1995) reported increased concentrations of both 
sugar and lactic acid, but decreased acetic acid concentration, when commercial 
cellulase/amylase mixtures with or without pectinase were combined with a bacterial 
inoculant and applied to wilted alfalfa silage. If extensive degradation of hemicellulose 
relative to cellulose occurs, released pentoses will be fermented to acetic acid as well as 
lactic acid by homo- and heterofermentative lactic acid bacteria (McDonald et al, 1991). 
Elevated sugar concentrations in enzyme-treated silages, especially with high yeast 
counts, can decrease aerobic stability of the silage. Yeasts and other microorganisms 
that start silage deterioration grow twice as fast on sugar as on fermentation products, 
such as lactic and acetic acid (Muck, 1993). Selmer-Olsen et al. (1993b) concluded that 
aerobic deterioration was related to the number of lactate assimilating yeasts. They 
found that cellulase/hemicellulase-treated ryegrass silage, with or without addition of 
glucose oxidase, was as stable or slightiy more stable than control silage when exposed 
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to air. Sugar concentration in this experiment was greater for enzyme-treated than for 
control silage. Jaakkola et al. (1991) found, however, greater susceptibility to aerobic 
deterioration in enzyme-treated than in control timothy {Phleum pratense L.) silage, 
especially when the enzyme was combined with a bacterial inoculant. The enzymes used 
were mixtures of cellulase, hemicellulase, and a lignin-modifying enzyme. 
Enzyme treatment usually results in decreased NH3-N concentration of control grass 
silage (Van Vuuren et al., 1989; Jaakkola, 1990; Jaakkola et al., 1991; Jacobs et al., 
1992). For alfalfa silage, Shq>erd et al. (1995) found decreased NH3-N concentrations 
when inoculant/cellulase/amylase mixtures were used with or without addition of 
pectinase, whereas Kung et al. (1991) showed no effect of a cellulase/pectinase mixture 
or a cellulase on NH3-N concentration. 
Low DM silages are more susceptible to effluent losses than high DM silages, and 
enzymatic cell-wall hydrolysis during ensiling usually increases these losses. Jaakkola 
(1990) and Jaakkola et al. (1991) found increased effluent losses in enzyme-treated 
timothy silage at 170 g DM kg ' compared with control silage. The enzymes used in 
these experiments were different combinations of cellulase, hemicellulase, glucose 
oxidase, and a lignin modifying enzyme. Also, Jacobs and McAllan (1991) reported 
greater DM and effluent losses from enzyme-treated than from control ryegrass silage 
ensiled at 200 g DM kg ', when two commercial enzyme mixtures containing cellulase, 
hemicellulase, and glucose oxidase were used. Effluent production from control silage 
reached a maximum after 2 wk of ensiling, whereas effluent losses from enzyme-treated 
silage reached maximum 5 to 7 wk after ensiling (Jacobs and McAllan, 1991). 
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Effect on Intake and Digestion. Despite cell-wall degradation and improved 
fermentation in enzyme-treated silage, enzyme treatments have had inconsistent effects 
on silage DM intake. Jaakkola (1990) reported improved DM intake of cellulase/glucose 
oxidase treated timothy silage fed to sheep, and Chamberlain and Robertson (1992) 
presented improved DM intate of cellulase/hemicellulase treated ryegrass silage fed to 
dairy cows. Others have shown no effects of cellulase/hemicellulase/glucose oxidase 
treatments on the DM intake of perennial ryegrass fed to growing steers or sheep (Jacobs 
and McAllan, 1991; Jacobs et al., 1991; Jacobs et al., 1992). Stokes (1992) and Chen 
et al. (1994) reported increased DM intake of enzyme and enzyme+inoculant treated 
grass-legume silages fed to dairy cows. The additives were commercial mixtures 
containing various enzymes. Jacobs et al. (1992) reported decreased NDF and ADF 
intakes of cellulase/hemicellulase/glucose oxidase treated ryegrass fed to steers, whereas 
in an earlier study they found no effect of enzyme treatment on silage fiber intake by 
sheep (Jacobs et al., 1991). 
Results on the effects of enzyme treatment on silage DM digestibility are confusing. 
Jacobs and McAllan (1991) reported decreased DM digestibility, whereas Jacobs et al. 
(1992) found increased DM digestibility in cellulase/hemicellulase/glucose oxidase 
treated ryegrass silage fed to steers. Jaakkola (1990) showed decreased residual NDF, 
cellulose, and hemicellulose digestibilities in cellulase/glucose oxidase treated timothy 
silage fed to sheep, and they found a negative linear relationship between residual fiber 
digestibility and cellulase application rate. Enzyme treatment increased ruminal DM and 
NDF degradations during the first 24 h of digestion in the studies by Adebowale and 
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Nakashima (1992) and Chen et al. (1994). Because of enzymatic hydrolysis of the most 
digestible cell walls during ensiling, the extent of ruminal cell-wall digestion measured 
after 48 or 96 h was decreased in enzyme-treated silage (Van Vuuren et al., 1989; 
Thorstenson et al., 1991b; Chen et al., 1994; Sheperd et al., 1995). 
The improved fermentation and digestion characteristics caused by enzyme treatment 
can partiy explain the higher milk production by dairy cows consuming enzyme-treated 
silage (Chamberlain and Robertson, 1992; Stokes, 1992). 
Bacterial Inoculants 
The most common type of silage additive in the USA is a bacterial inoculant 
containing lactic acid bacteria. The main reason for applying an inoculant to harvested 
crops to be ensiled is to increase the numbers of lactic acid bacteria in the crop to 
guarantee high lactic acid production and efficient silage fermentation. High lactic acid 
production decreases pH, which restricts acetic acid production, resulting in a more 
homolactic fermentation of the plants (Muck, 1993). 
Effect on Fermentation. Inoculant can encourage early lactic acid production, with a 
subsequent decrease in pH, acetic acid, and NH3-N concentrations in wilted alfalfa silage 
during the first days of ensiling (Kung et al., 1991). Jones et al. (1992b) reported that 
inoculation resulted in increased rate of pH decline and increased lactic acid but 
decreased acetic acid and NH3-N concentrations in wilted alfalfa (330-540 g DM kg'^ ) 
after 60 d of ensiling. Bolsen et al. (1992) found, however, only small effects of 
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inoculant on fermentation of wilted alfalfa silage during the first days of ensiling. 
Addition of dextrose to the inoculated silage improved fermentation characteristics 
consistentiy throughout the ensiling period. Results from experiments, where low DM 
(190-200 g DM kg'*) grasses have been ensiled, have also shown improved fermentation 
characteristics by use of inoculants (Gordon, 1989; Smith et al., 1993; Sharp et al., 
1994). Mayne (1993) found, however, that inoculant had inconsistent effects on 
fermentation of ryegrass ensiled at 160 to 170 g DM kg '. 
Different results among these experiments depend largely on differences in natural 
lactic acid bacteria numbers, buffering capacity, and concentrations of DM and sugar in 
the plants at ensiling (Mahanna, 1993). Inoculation at 10% or more of the natural level 
of lactic acid bacteria on alfalfa can improve rate of pH decline and increase homolactic 
fermentation (Muck, 1989b). Since no method currentiy exists for quick determination 
of natural lactic acid bacterial numbers within crops, a common recommendation in the 
USA is to add a minimum of 10® colony-forming units of lactic acid bacteria per gram of 
fresh forage (Nadeau and Bamhart, 1995). In Europe, however, 10® colony-forming 
units of lactic acid bacteria per gram foraga are commonly applied. Because lactic acid 
bacteria use sugars as their main substrates, inoculants are less successful in plants with 
low sugar concentrations, such as legumes and low DM grasses (Mahanna, 1993). 
Additionally, legumes have higher buffering capacity than grasses and are, consequently, 
more resistant to a sufficient pH decrease for homolactic fermentation to occur 
(McDonald and Henderson, 1962). 
Inoculant has little effect on silage DM recovery (Gordon, 1989; Mayne, 1993), but 
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inoculated silage is more susceptible to aerobic deterioration (Mayne, 1993). Decreased 
aerobic stability in inoculated silage is probably related to decreased production of acetic 
acid, which inhibits yeasts and molds (Muck, 1993). 
Effect on Intake and Digestion. Because of a more homolactic fermentation, DM 
intake by dairy cows and young cattle is greater in inoculated than in control grass silage 
(Gordon, 1989;, Steen et al., 1989; Martinsson, 1992; Sharp et al., 1994). The 
increased intake resulted in greater average daily liveweight gain in the experiment 
reported by Steen et al. (1989). Gordon (1989) and Martinsson (1992) reported 
improved DM and organic matter digestibilities in inoculated grass silage fed to sheep. 
These increased intakes and digestibilities in inoculated grass silage resulted in increased 
milk production by dairy cows (Gordon, 1989; Martinsson, 1992). Satter et al. (1991) 
concluded that the inoculant must provide a 10-fold increase in lactic acid bacterial 
numbers in alfalfa silage for improved milk production by dairy cows to occur. 
Formic Acid 
A practice used commonly in Europe is direct acidification of silage with formic 
acid to rapidly lower the pH to preservation levels. The reason for greater use of formic 
acid in Europe than in USA is that direct-cut silages of grasses and legumes, which are 
low in fermentable sugars, are used more commonly in Europe. Formic acid preserves 
nutrients, such as sugars and protein, in the ensiled plant by restricting fermentation and 
proteolysis (McDonald et al., 1991). 
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Effect on Fermentation. Numerous studies have reported restricted fermentation in 
terms of decreased lactic acid, acetic acid, and NH3-N concentrations but increased sugar 
concentration in formic acid treated silage compared with control silage (Jaakkola, 1990; 
Jaakkola et al., 1991; Nagel and Broderick, 1992; Mayne, 1993). Because of a rapid 
pH decline, which restricted proteolysis, the lactic:acetic acid ratio was usually increased 
in those experiments. Fairbaim et al. (1992) concluded that the major impact of formic 
acid in restricting proteolysis occurs after the 1st d of ensiling. The amount of acid 
needed to cause a rapid pH decline is related to the buffering capacity of the plant. 
Because legumes are more buffered than grasses and immature grasses are more buffered 
than mature grasses, higher levels of formic acid are required for legumes and immature 
grasses to cause a similar pH decrease (McDonald and Henderson, 1962; Henderson and 
McDonald, 1976). Formic acid sometimes causes a small decrease in NDF and ADF 
concentrations of ensiled plants due to acid hydrolysis (Jaakkola, 1990; Jaakkola et al., 
1991). 
Effluent losses can increase when formic acid is added to low DM silage (Jaakkola 
et al., 1991; Mayne, 1993). Mayne (1993) and Selmer-Olsen et al. (1993) reported, 
however, good aerobic stability in formic acid treated silage. 
Effect on Intake and Digestion. Jacobs et al. (1991) reported increased DM intake 
by sheep, and Mayne (1993) found increased intake by dairy cows fed formic acid 
treated grass silage. However, Nagel and Broderick (1992) found no effect of formic 
acid treatment on DM intake of alfalfa silage by dairy cows. Formic acid has not been 
successful in improving total DM digestibility of silage, but it has increased potentially 
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degradable insoluble DM and protein fractions in the rumen (Marshall et al., 1993). 
Because of restricted proteolysis in formic acid treated grass and alfalfa silages, rumen 
soluble DM and protein concentrations and rumen protein degradability were decreased 
(Thorstensson et al., 1991a; Marshall et al., 1993). Additionally, Nagel and Broderick 
(1992) reported increased rumen escape protein with formic acid treated alfalfa silage in 
dairy cows. Because of improved utilization of nutrients, milk production was increased 
when formic acid treated alfalfa silage was fed to dairy cows in the study by Nagel and 
Broderick (1992). Mayne (1993), however, found no effect on milk production when 
formic acid treated ryegrass silage was fed to dairy cows. 
Dissertatioii Rationale and Objective 
Limited information exists on the interaction between silage treatment and plant 
species and their effects on silage composition, intake, and digestion. Additionally, 
more information is needed on the effect of plant maturity in the species X treatment 
interaction. 
The objective of this dissertation was to determine the effects of cell-wall degrading 
enzymes, bacterial inoculant, and formic acid on 1) chemical composition, 2) nutritive 
value, 3) intake, 4) digestibility, and 5) digestion kinetics of orchardgrass and alfalfa 
silages. 
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CHAPTER 2. ENZYME AM) BACTERIAL INOCULANT EFFECTS 
ON COCKSFOOT AND LUCERNE ENSILED 
AT HIGH DRY MATTER LEVELS* 
A paper submitted to the Journal of the Science of Food and Agriculture 
Elisabet M G Nadeau' and Dwayne R Buxton^f 
ABSTRACT 
Limited information exists on the response of grass and legume silage to enzyme and 
bacterial inoculant treatments when wilted to drier than desired conditions. This study 
was undertaken to evaluate the impact of cellulase (from Trichoderma longibrachimm) 
application rate, when combined with a bacterial inoculant {Lactobacillus plantarum and 
Pediococcus cerevisiae), on the fermentation characteristics of cocksfoot (Dactylis 
glomerata L) and lucerne {Medicago sativa L) ensiled at high dry-matter concentrations. 
Forages were wilted to near 600 g dry matter kg'^  and enzyme, combined with inoculant, 
was applied at 0.30 ml kg'' herbage and at two, four and eight times this concentration 
(at least 2500 lU ml *). Enzyme was also applied alone at 0.60 ml kg"'. Wilted forages 
'IDepartment of Agronomy, Iowa State University and ^Agriculture Research Service, 
USDA, 1577 Agronomy Hall, Ames, lA 50011, USA 
• Joint contribution of the Field Crops Research Unit and US Dairy Forage Research 
Center of USDA-ARS, and Iowa State University. Journal Paper Number J-16517 of 
the Iowa Agriculture and Home Economics Experiment Station, Ames, lA. Project 
Number 2709. 
t To whom correspondence should be addressed. Names are necessary to report 
factually on available data; however, the USDA neither guarantees nor warrants the 
standard of the product, and the use of the name by USDA implies no approval of the 
product to the exclusion of others that may also be suitable. 
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were ensiled in laboratory silos for 60 days. Effect of enzyme application rate on 
neutral detergent fibre concentrations of the silages was small and inconsistent. 
Averaged across species, only the intermediate enzyme concentrations decreased neutral 
detergent fibre concentration (P = 0.082). The limited cell-wall degradation was 
probably related to the high silage dry-matter and lignin concentrations. Enzyme 
combined with inoculant increased total fermentation, when averaged across species. In 
cocksfoot, enzyme combined with inoculant decreased pH and NHj-N concentration but 
increased the lactic:acetic acid ratio compared with control silage, with most of the effect 
caused by the inoculant. Enzyme applied alone to lucerne caused a higher lactic:acetic 
acid ratio than the control or when combined with the inoculant at the same enzyme rate. 
Thus, the effect of enzyme-inoculant mixtures on silage quality varied among plant 
species, with cocksfoot generally more responsive than lucerne. Key words: silage, 
enzyme, inoculant, cocksfoot, lucerne, dry matter, quality. 
INTRODUCTION 
Well-fermented silage has a pH near 4.0 and a high lactic acid concentration in 
relation to other organic acids, such as acetic, butyric, propionic, and succinic. High 
lactic acid production early during fermentation inhibits growth of undesirable bacteria 
and limits activity of plant enzymes that can degrade plant nudients and, thus, improves 
nutrient preservation (McDonald et al 1991). When ensiling crops with low sugar 
concentrations and lactic-acid-bacteria (LAB) numbers, silage fermentation can be 
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improved by use of biological additives under normal ensiling conditions. The LAB-
containing inoculants, applied at a higher rate than the existing qpiphytic population of 
LAB on the herbage, can encourage early lactic acid production and increased rate of pH 
decline if sufficient readily fermentable sugars are available (Lund6n-Pettersson and 
Lindgren 1990; Bolsen et al 1992; Jones et al 1992b). When ensiling crops witii low 
sugar concentrations, silage fermentation can be enhanced by use of cell-wall degrading 
enzymes, such as cellulases and hemicellulases. Enzymes applied in combination with a 
bacterial inoculant can enhance homolactic fermentation (Tengerdy et al 1991; Sheperd 
et al 1995). Research conducted on enzymes alone has shown variable effects on silage 
quality (Jaakkola et al 1991; Tengerdy et al 1991; Selmer-Olsen et al 1993). 
Occasionally, weather conditions cause forage to dry rapidly during wilting, 
resulting in higher dry-matter (DM) concentration than desired for optimal silage 
conditions. Limited information exists on enzyme and bacterial inoculant effects on 
forage ensiled at DM levels above 500 g kg'^  Jaster and Moore (1988) reported no 
consistent effects of enzyme on the quality of lucerne silages at 53 and 61% DM, but 
Jones et al (1992b) found improved fermentation of inoculated lucerne silage at 54% 
DM. Enzymes are usually more active in high moisture plants harvested at an immature 
stage than in plants harvested at late maturity and with high DM concentrations (Van 
Vuuren et al 1989; Spoelstra et al 1990). Van Vuuren et al (1989) reported increased 
enzymatic degradation of neuti:al detergent fibre (NDF) and acid detergent fibre (ADF) 
in grass silage with decreasing DM concentration from 45 to 20%, when enzyme was 
applied on a DM basis. Also, Tengerdy et al (1991) found greater cell-wall degradation 
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in enzyme-treated lucerne (Medicago sativa L) silage at 22% DM than at 36% DM. The 
enzymes were applied on a fiesh weight basis in this experiment, however, resulting in 
less enzyme applied per unit DM in wilted (36% DM) than in direct-cut (22% DM) 
lucerne silage. 
Enzyme application rates and plant species have differed among experiments, and 
these differences may partly explain inconsistent results on the quality of enzyme-treated 
silage. Previous research has rqx>rted the effects of enzyme application rates, with or 
without additional LAB, on silage composition (Jaakkola 1990; Kung et a/1991; 
Tengerdy et al 1991; Selmer-Olsen et al 1993). There is, however, only limited 
information available on the interaction between enzyme application rates and plant 
species and their impact on the quality of forages ensiled at high DM levels. This 
experiment was conducted to determine the optimal enzyme application rate, when 
combined with a bacterial inoculant, on the quality of cocksfoot (Dactylis glomerata L) 
and lucerne ensiled at high DM levels. 
EXPERIMENTAL 
Plant material and ensiling 
Cocksfoot and lucerne were grown adjacently in randomly assigned plots, with three 
field rq>licates of each species, at the Agronomy and Agricultural Engineering Research 
Center of Iowa State University near Ames, lA, USA. Herbage was harvested on 17 
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October 1991 at the early heading stage of cocksfoot and at the early bloom stage of 
lucerne. Forages were chopped and wilted outside to near 600 g DM kg'' before 
ensiling in 463 cm^ laboratory silos made of plexiglass (Engineering Research Institute, 
Iowa State University, Ames, lA, USA). Enzyme alone or combined with a bacterial 
inoculant was applied to wilted herbage, and additional herbage was ensiled without 
treatment as a control. The enzyme was a liquid cellulase with some hemicellulolytic 
activity (Multifect™ CL, Genencor International, Rochester, NY, USA); it was derived 
from Trichoderma longibrachiatum and had a minimum carboxymethylcellulose activity 
of 2S00 lU ml ^ Bacterial inoculant (Biomate* SI Forage Inoculant, Chr. Hansen's 
Biosystems, Milwaukee, WI, USA), which contained Lactobacillus (L) plamarum and 
Pediococcus cerevisiae, was applied in a water solution at 10^ colony-forming units of 
LAB g*' herbage as recommended by the manufacturer. Treatments used were wilted 
herbage; control silage; and silage treated with inoculant+enzyme, 0.30 ml kg'' (lEX); 
inoculant+enzyme, 0.60 ml kg"' (IE2X); enzyme without inoculant, 0.60 ml kg*' (E2X); 
inoculant+enzyme, 1.20 ml kg"' (IE4X); and inoculant+enzyme, 2.40 ml kg'' herbage 
(IE8X). Enzyme application rates were within the experimental starting dosage range 
recommended by the manufacturer. Plant material was ensiled for 60 days at 20°C 
before silos were opened. The contents of each silo were kept frozen at -20°C until they 
were prepared for chemical analyses. 
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Chemical analyses 
Before chemical analyses, one subsample firom each silo and wilted herbage was 
freeze dried and ground in a UDY cyclone mill (UDY Corporation, Fort Collins, CO, 
USA) to pass a 1-mm screen, and one subsample was extracted fresh with deionized 
water in a 1:3 dilution. The DM concentration was determined by weighing the samples 
before and after freeze drying. Analyses of in-vitro digestible DM (IVDDM) with the 
NC-64 direct acidification procedure (Marten and Barnes 1980), crude protein (Bremner 
and Breitenbeck 1983), NDF, ADF, and acid detergent lignin (ADL) concentrations 
(Goering and Van Soest 1970) were conducted on freeze-dried samples. Concentrations 
of NDF, ADF, and, ADL were determined sequentially with ot-amylase (Sigma 
Chemical Co, St Louis, MO, USA, No A-6814) included in the NDF procedure (Van 
Soest and Robertson 1980). Hemicellulose concentration was calculated as the difference 
between NDF and ADF concentrations, and cellulose concentration was calculated as the 
difference between ADF and the sum of ADL-plus-ash concentrations. Herbage and 
silage pH were determined with a glass electrode on fresh plant extracts before the 
extracts were frozen for later analyses of NHj-N, reducing sugar, and organic acid 
concentrations. Plant extracts were centrifuged at 11 200 x g, 5®C for 10 min before 
analysis. Concentration of NH3-N was determined according to the QuikChem Method 
No. 26-107-06-2-B with a salicylate-nitroprusside colour reagent, using an automated ion 
analyzer (QuikChem A£, Lachat Instruments, Milwaukee, WI, USA). Reducing sugar 
concentration was determined witii a colorimetric method (Nelson 1944; Somogyi 1945). 
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Absoibance was measured spectrophotometrically (Ultrospec 4050, LKB Biochrom Ltd, 
Cambridge, England) at 660 nm and related to a glucose standard curve for calculation 
of reducing sugar concentration. Invertase was added to some samples for determination 
of sucrose concentration. There was no detectable sucrose in these samples. Individual 
organic acids were measured by gas chromatography (model S890 GC, HP3396 Series 11 
integrater, HP 7673A auto sampler, Hewlett-Packard Co, Wilmington, DE, USA) of 
butyl esters, which were prepared as described by Salanitro and Muirhead (1975). 
Heptanoate was used as an internal standard, and the butyl esters were separated on a 
HP5 10 m X 530 /«m glass column coated with 5% phenylmethyl silica (Hewlett-
Packard Co, Wilmington, DE, USA), using a flame ionization detector and nitrogen as a 
carrier gas with a flow rate of 6.3 ml min*'. Injection port temperature was 180°C, and 
the detector temperature was 270°C. The oven temperatures were as follows: 50°C for 
30 s, followed by an 8°C min ' increase to 100°C, and a 30°C min"' increase to a final 
temperature of ISO'C. 
Statistical design 
Data were analysed via analysis of variance for a split-plot design using the general 
linear model procedure (PROC GLM) of SAS (1985). Plant species were treated as the 
whole plot, and treatment as the subplot. The three field replicates were cross classified 
with species and treatment. Significant F-tests at the 0.05 (*), 0.01 (**), and 0.001 
(*»*) levels of probability are reported, unless stated otherwise. When a significant F-
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value was detected, least significant difference at P < 0.05 was used to determine 
significant variation among means in the main effect of treatment and in the plant species 
X treatment interaction (Cochran and Cox 1957). 
RESULTS AND DISCUSSION 
Silage composition 
There were no significant differences among treatments for DM, IVDDM, crude 
protein, hemicellulose, and cellulose concentrations within or across species (Table 1). 
Averaged across species, NDF concentration was slightly lower for E2X- and IE4X-
treated silage than for the control (P = 0.082), but there were no consistent effects of 
increased application rates of the enzyme on NDF concentration. Limited enzymatic 
cell-wall hydrolysis during ensiling in this experiment is likely related to the high DM 
concentrations of 55-60%, concentrations much greater than the normally recommended 
DM range of 30-40% for wilted silage (Muck and Pitt 1993). Other research by us 
(Chapter 3), using the same enzyme at 2.00 ml kg'^  herbage, showed an 18 and 8% 
decrease of NDF concentration in cocksfoot and lucerne, respectively, when harvested at 
33-34% DM and at similar maturities. Enzymes are dependent on water for their 
transport and distribution and are consequently less active in high DM forages (Van 
Vuuren et al 1989). Also, the high lignin concentration (Table 1), especially in lucerne, 
limits enzymatic hydrolysis of cellulose (Hatfield 1993). Bacterial inoculation can alter 
TABLE 1 
Dry-matter (DM), in-vitro digestible dry matter (IVDDM), crude protein (CP), NH3-N, neutral detergent fibre 
(NDF), hemicellulose, cellulose, acid detergent lignin (ADL), and reducing sugar (Red sugar) concentrations in 
wilted herbage and silage of cocksfoot and lucerne. 
Dreatment Treatment 
Species X 
treatment 
Chemical component/ 
Species WH C E2X lEX IE2X IE4X IE8X Mean 
Signi­
ficance 
Signi-
ficanc 
DM, g kg ' 
Cocksfoot 580 545 557 569 548 572 553 561 NS 
Lucerne 614 572 591 585 579 534 596 581 
Mean 597 558 574 571 563 553 574 NS 
IVDDM, g kg ' 
Cocksfoot 543 544 565 550 556 557 559 553 NS 
Lucerne 572 551 567 576 571 544 553 562 
Mean 558 547 S66 563 564 550 556 NS 
CP, g kg-' DM 
Cocksfoot 105 110 110 109 110 111 109 109 NS 
Lucerne 173 180 178 177 176 182 179 178** 
Mean 139 145 144 143 143 146 144 NS 
NH3-N, g kg ' total N 
Cocksfoot 28 156 147 129 132 135 131 123 * 
Lucerne 36 129 124 125 125 122 119 111 
Mean 32" 143" 136* 127'^  129^  ^ 128'" 125' 
14 
NDF, g kg-' DM 
Cocksfoot 552 548 533 551 548 518 526 539»* NS 
Lucerne 444 463 434 461 452 439 454 450 
Mean 498 505 483 506 500 479 490 NS 
Hemicellulose, g kg'' DM 
Cocksfoot 199 179 176 172 206 180 190 186** NS 
Lucerne 95 116 91 115 94 98 95 100 
Mean 147 147 133 143 150 139 142 NS 
Cellulose, g kg ' DM 
Cocksfoot 263 294 271 308 264 273 245 274 NS 
Lucerne 197 228 246 240 224 243 241 231 
Mean 230 261 258 274 244 258 243 NS 
-, g kg"' DM 
Cocksfoot 51 57 53 45 63 47 73 56 NS 
Lucerne 108 104 79 98 127 77 97 98** 
Mean 79* 81"» 66" 72W 95" 62' 
00 
** 
sugar, g kg"' DM 
Cocksfoot 55 30 30 25 20 28 24 30 NS 
Lucerne 45 18 14 15 16 15 12 19 
Mean 50" 24" 22'' 20" 18'- 22" 18" 
Wilted herbage (WH), control (C), enzyme 0.60 ml kg"' (E2X), inoculant+enzyme 0.30 ml kg"' (lEX), inoculant+enzyme 0.60 ml kg"' 
(IE2X), inoculant+mzyme 1.20 ml kg"' (IE4X), inoculant+oi^ nie 2.40 ml kg'' herbage (IE8X), bacterial inoculant (I) applied at 10  ^
colony forming units of lactic acid bacteria g"' herbage. *, *** Significant at /> < O.OS, 0.01, 0.001, respectively. 
Least significant differraice (LSDggj) at P < 0.05, non-significance (NS) at P > O.OS. 
Means within a row with different superscripts differ (P < 0.05). 
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the composition of cell-wall sugars early during fermentation when the pH decline is 
enhanced, but has no or little effect on final cell-wall concentration (Jones et al 1992a). 
The small changes in cell-wall concentrations in this experiment can, therefore, be 
related to enzyme activity. 
Sugar concentrations in wilted cocksfoot and lucerne (32 and 28 g kg ' fresh weight, 
respectively, calculated from Table 1) were greater than the minimum sugar 
concentration of 25 g kg ' fresh weight for an acceptable fermentation as suggested by 
Lund^n-Pettersson and Lindgren (1990). Ensiling resulted in a 52% decrease of 
reducing sugar concentration, when averaged across plant species, with no differences 
between the control and treated silages (Table 1). 
There were differences between species; cocksfoot had a 20% greater NDF 
concentration, an 86% greater hemicellulose concentration, a 19% greater cellulose 
concentration (P = 0.051), a 58% greater sugar concentration (P = 0.058), but a 39% 
lower crude protein and a 43% lower ADL concentration than lucerne, when averaged 
across treatments (Table 1). There were no significant species differences in DM and 
IVDDM concentrations. 
Silage fermentation products 
Total-N concentration, presented as crude protein concentration (total N x 6.25), 
did not differ among treatments; however, tiie portion of NH3-N to total N concentration 
was three times greater in control silage than in fresh herbage when averaged across 
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species (Table 1). Thus, extensive proteolytic activity by enzymes and bacteria occurs 
during ensiling, but is generally restricted to the time before the silo is covered and the 
first days of active silage fermentation (Muck and Pitt 1993). The average effect of 
inoculant+enzyme treatment on NH3-N concentration in cocksfoot was a 15% decrease, 
but there was no significant effect of treatment on NH3-N concentration in lucerne 
compared with the control (Table 1). Other research has shown inconsistent effects of 
inoculants, cellulases, and hemicellulases on NH3-N concentration in grass silage 
(Kennedy 1990; Jaakkola et al 1991; Selmer-Olsen et al 1993; Sharp et al 1994). 
Different from our data, Sheperd et al (1995) reported a significantly reduced proteolytic 
activity in lucerne when a commercial cellulase/amylase/(pectinase)/inoculant mixture 
was used. Inoculant decreased NH3-N concentration by 10% compared with enzyme 
alone in cocksfoot silage, but the inoculant had no effect on NH3-N concentration in 
lucerne (Table 1). Similar to our results, Bolsen et al (1992) found no effect on NH3-N 
concentration when Biomate* inoculant was used, whereas Jones et al (1992b) reported a 
28% lower NH3 concentration in inoculated than in control lucerne silage. Control 
silage and E2X treatment of cocksfoot had 21 and 18% greater NH3-N concentration, 
respectively, than the same treatments for lucerne silage (Table 1). 
Much of the sugars in wilted herbage and sugars released from enzymatic cell-wall 
hydrolysis was fermented to lactic and acetic acids during ensiling. Across species, 
inoculant+enzyme treated silage averaged 69% greater lactic acid concentration than 
control silage, and the effect was greater in cocksfoot than in lucerne (Table 2). 
Averaged across species, the high lactic acid production resulted in significantly lower 
TABLE 2 
ptf, lactic acid'.acetic acid ratio, and organic acid concentrations in cocksfoot and lucerne silages. 
Treatment Treatment 
Species X 
treatment 
Chemical component/ 
Species C E2X lEX IE2X IE4X IE8X 
Signi-
Mean ficance 
Signi­
ficance LSDaa 
PH 
Cocksfoot 4.8 4.8 4.1 4.1 4.1 4.1 4.6 *** 0,2 
Lucerne 4.8 4.7 4.5 4.7 4.7 4.5 4.8 
Mean 4.8" 4.8" 4.3" 4.4" 4.4" 4.3" *** 
Lactic acid, g kg'' DM 
Cocksfoot 49.3 77.7 107.6 111.7 107.0 111.7 94.2 NS 
Lucerne 59.7 81.0 85.3 61.6 63.7 87.4 73.1 
Mean 54.5'' 79.4"" 96.4" 86.7" 85.3" 99.6" * 
Acetic acid, g kg'* DM 
Cocksfoot 4.3 4.7 5.2 5.3 6.9 6.6 5.5 NS 
Lucerne 8.5 6.7 10.2 \1.3 16.5 10.0 11.5 
Mean 6.4" S.T 7.7"" 11.3" 11.7" 8,3* * 
Lactic acid:acetic acid 
Cocksfoot 11.6 16.2 20.5 21.3 15.8 16.9 17.1» 4.8 
Lucerne 6.7 12.6 8.6 4.9 5.0 8.8 7.8 
Mean 9.T 14.4" 14.6" 13.1"" 10.4"  ^ 12.9"" * 
Butyric acid, g kg'* DM 
Cocksfoot 11.8 2.5 0.2 0.8 0.3 0.3 2.7 * 3,9 
Lucerne 3,6 0.2 0.1 0,2 0.8 0.1 0.8 
Mean 7,7" 1,4" 0.2" 0,5" 0.6" 0.2" *** 
Succinic acid, g kg*' DM 
Cocksfoot 4,0 3,0 3.2 3.3 3.3 3.6 3.4 ••• 1.3 
Lucerne 3,1 2,7 6,5 6,8 7.6 6.8 5.6* 
Mean 3,5" 2.9" 
00 
5,1" 5.4" 5.2" 
Valeric acid, g kg*' DM 
Cocksfoot 1,10 1.06 0,99 1.02 0.91 1.18 1.04 •• 0.11 
Lucerne 1.02 0.95 0,95 0.91 1,04 0.95 0.97 
Mean 1.06" 1.00* 0.97" 0.97" 0.97" 1.06" 
Phenylacetic acid, g kg ' DM 
Cocksfoot 0.8 1.6 1.1 1.4 1.2 2.8 1.5 NS 
Lucerne 2.4 2.4 3.6 3.4 2.8 3.5 3.0 
Mean 1.6" 2.0" 2.4* 2.4* 2.0" 3.2" * 
Total acids, g kg'' DM 
Cocksfoot 74.S 93.8 121.0 126.8 122.7 130.4 111.5 NS 
Lucerne 81.9 96.9 109.8 93,7 95.8 112.5 98,4 
Mean 78,2' 95.4*  ^ 115.4* 110.2"" 109.2* 121.5' * 
' pH in wilted cocksfoot and lucerne was 6.1 and 6.0, respectively. 
Control (C), enzyme 0.60 ml kg'' (E2X), inoculant+oizyroe 0.30 ml kg'' (lEX), inoculant+en^^me 0.60 ml kg'' (IE2X), inoculant+ 
enzyme 1.20 ml kg*' (IE4X), inoculant+oi^ me 2.40 ml kg'' herbage (IE8X), bacterial inoculant (I) applied at 10  ^colony forming units 
of lactic acid bacteria g*' herbage. 
*. *** Significant at P < 0.05, 0.01, 0.001, respectively. 
Least significant diffeimce (LSDgoj) at P < 0.05, non-significance (NS) at P > 0.05. 
'*•' Means within a row with different superscripts differ (/* < 0.05). 
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pH in inoculant+enzyme treated silage compared with the control or enzyme alone, with 
most of the effect occurring in cocksfoot. Inoculant caused a significant pH decline in 
enzyme-treated cocksfoot silage that behaved similarly to the control, whereas treatments 
had inconsistent effects on pH in lucerne silage. Treatment effects on acetic acid 
production were inconsistent (Table 2). Across species, IE2X and IE4X treatments 
averaged 80 and 102% greater acetic acid concentration than the control and E2X 
treatment, respectively. 
The high lactic.acetic acid ratio in this study (Table 2) indicates that 
homofermentative LAB predominated heterofermentative LAB, enterobacteria, and 
Clostridia (McDonald et al 1991). In cocksfoot, lEX, IE2X, and IE8X treatments 
averaged a 69% higher lactic:acetic acid ratio than the control, but these treatments had 
no significant effect on the lactic.acetic acid ratio in lucerne (Table 2). Instead, E2X 
treatment had an 88% greater lacticiacetic acid ratio than the control in lucerne. 
Although similar in pH levels, E2X-treated lucerne tended to have a greater lactic acid 
concentration but a lower acetic acid concentration, and, consequently, a significantly 
higher lactic.acetic acid ratio than IE2X, IE4X, and control-treated lucerne silage. 
Tengerdy et al (1991) and Sheperd et al (1995) reported improved silage fermentation 
characteristics in inoculant+enzyme (cellulase, hemicellulase, pectinase, or amylase) 
treated lucerne silage. Jaakkola et al (1991) found improved ensiling characteristics, but 
Selmer-Olsen et al (1993) only detected small changes in pH, lactic acid, and acetic acid 
concentrations of cellulase- and hemicellulase-treated grass silage with or without 
addition of glucose oxidase. Cocksfoot treated with IE2X had a 31% higher lactic:acetic 
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acid ratio than E2X-treated silage, confirming that the inoculant LAB enhanced 
homolactic fermentation of cocksfoot silage (Table 2). In lucerne, however, the 
inoculant enhanced heterolactic fermentation, which is shown by a 61% lower 
lactic:acetic acid ratio in EB2X-treated than in E2X-treated lucerne silage. Bacterial 
inoculants have shown little effect on fermentation of grass silage in other experiments 
(Kennedy 1990; Sharp et al 1994). Bolsen et al (1992) found increased lactic acid 
concentration and decreased pH and acetic acid concentration when Biomate* inoculant 
was applied with dextrose to lucerne, but inoculant alone had only a small effect on 
fermentation products during the first days of ensiling. Inoculant alone improved 
homolactic fermentation of wilted lucerne silage in the study by Jones et al (1992b). 
Lactic:acetic acid ratio was twice as high for cocksfoot as for lucerne when averaged 
across treatments, with the difference being about the same or greater within treatments 
except for E2X where a smaller difference occured between species (Table 2). The 
higher lactic:acetic acid ratio in cocksfoot was a result of a 29% greater lactic acid 
concentration (P = 0.061) and a 52% lower acetic acid concentration (P = 0.098) in 
cocksfoot than in lucerne silage, when averaged across treatments. The greater lactic 
acid concentration was related to more fermentable substrates for the LAB in cocksfoot 
than in lucerne. Also, at higher pH levels, as in lucerne silage, enterobacteria can 
ferment sugars to acetate (McDonald et al 1991), explaining the lower lactic:acetic acid 
ratio in lucerne than in cocksfoot silage. 
Butyric acid concentration was decreased considerably by the addition of enzyme 
and/or inoculant to control silage (Table 2). In cocksfoot, enzyme alone decreased 
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butyric acid concentration by 79% and when combined with the inoculant the average 
decrease was 97% compared with the control. Treated lucerne silage resulted in an 
average decrease of 92% of butyric acid concentration compared with control silage. 
Butyric acid concentration was about two times greater in control cocksfoot than in 
control lucerne silage. Sharp et al (1994) reported a 50% decrease of butyric acid 
concentration in inoculated compared with control grass silage. Thus, the low pH and 
increased lactic acid concentrations, especially in inoculant+enzyme treated cocksfoot 
silage, probably inhibited growth of Clostridia and, consequently, production of butyric 
acid (Muck and Pitt 1993). 
Averaged across enzyme application rates, succinic acid concentration was more 
than twice as high for inoculant+enzyme treated lucerne silage as for control and 
enzyme-treated silage, but there were no differences in succinic acid concentrations 
among treatments in cocksfoot silage (Table 2). Consequently, inoculant+enzyme 
treated lucerne silage had twice as much succinic acid as inoculant+enzyme treated 
cocksfoot silage. Lucerne had a 65% greater succinic acid concentration than cocksfoot, 
when averaged across treatments. Because enterobacteria are active near the pH of 
lucerne silage and can produce succinic acid in addition to lactate, acetate, ethanol, and 
formate from glucose (McDonald et al 1991), their activity may explun the greater 
succinic acid concentration in inoculant+enzyme treated lucerne silage. Also, L 
plantanm can produce succinic acid from fermentation of lactic to acetic acid with 
oxaloacetate formed from citrate acting as an electron acceptor (Lindgren et al 1990). 
This reaction, which can only occur in the presence of citrate under anaerobic conditions 
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when fermentable substrates are absent, may also explain the greater succinic acid 
concentration in inoculant+^izyme treated lucerne silage than in control and enzyme-
treated silage. Added L plantarum in the inoculant probably increased the chances for 
the reaction to occur. 
There were inconsistent effects of treatments and species on valeric acid 
concentration. Averaged across species, lEX, IE2X, and IE4X had an 8% lower valeric 
acid concentration than control silage. Phenylacetic acid concentration, averaged across 
species, was twice as great for IE8X as for control silage. Inoculant+enzyme caused a 
46% average increase of total acid concentration compared with control silage, when 
averaged across species. Also, IE8X had a 27% greater total acid concentration than 
E2X. Consequently, total fermentation was improved when enzyme combined with a 
bacterial inoculant was applied to silage, and the effect tended to be greater in cocksfoot 
than in lucerne. 
CONCLUSIONS 
Because enzymes use water as a transport medium, the high DM concentrations of 
the silages probably limited the ability of the enzyme to degrade plant cell walls, 
resulting in small effects of the enzyme on fibre concentrations of the silages. 
Additionally, the high lignin concentration, especially in lucerne, may have limited the 
enzymatic attack on cellulose during ensiling. Averaged across species, only the 
intermediate enzyme concentrations decreased NDF in the silages. Enzyme combined 
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with inoculant improved fermentation characteristics of cocksfoot silage with a lower pH 
and NHs-N concentration and a higher lactic:acetic acid ratio than control silage. Since 
enzyme alone behaved similarly to control cocksfoot silage, except for a lower butyric 
acid concentration, the effect of inoculant+enzyme on silage fermentation products was 
caused mostly by the inoculant. There were minimal effects of enzyme and/or inoculant 
on fermentation products of lucerne silage. Enzyme alone resulted in a higher 
lactic; acetic acid ratio than the control or when combined with the inoculant, and butyric 
acid concentration was lower in treated than in control lucerne silage. Averaged across 
plant species, total fermentation was stimulated by the inoculant+enzyme treatment. 
Less impact of enzyme and inoculant on silage fermentation products in lucerne probably 
occurs because of the greater buffering capacity in lucerne than in cocksfoot (McDonald 
and Henderson 1962) as indicated by the high pH of lucerne silage in this study. Thus, 
enzyme-inoculant mixtures are likely crop specific. Although there were no effects on 
IVDDM of the silages, the more favourable fermentation characteristics in 
inoculant+enzyme treated cocksfoot silage in terms of low NH3-N concentration and 
high lactic:acetic acid ratio may result in a higher DM intake as suggested by Wilkins et 
al (1971). 
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CHAPTER 3. CELL-WALL DEGRADATION OF ENSILED FORAGES 
TREATED WITH ENZYME, INOCULANT, 
AND FORMIC ACID 
A paper to be submitted to Crop Science 
E. M. G. Nadeau, D. R. Buxton*, J. R. Russell, and J. W. Young 
ABSTRACT 
More information is needed on the effects of enzymes, bacterial inoculants, and 
formic acid on grass and legume silages at different plant maturities. This study was 
conducted to determine the effects of cellulase (from Trichoderma longibrachiatum) 
application rate, when combined widi an inoculant (Lactobacillus plantarum and 
Pediococcus cerevisiae), on cell-wall degradation during ensiling and on nutritive value 
of orchardgrass (Daciylis glomerata L.) and alfalfa (Medicago sativa L.) silages 
harvested at different maturities. Additionally, the impacts of inoculant, pectinase (from 
Aspergillus niger), or formic acid on silage composition were also evaluated. Cellulase, 
combined with inoculant, was applied at 2, 10, and 20 mL kg ' herbage (at least 2500 lU 
E.M.G. Nadeau, Dep. of Agronomy, D.R. Buxton, USDA-ARS and Dep. of 
Agronomy, J.R. Russell, and J.W. Young, Dq). of Animal Sci., Iowa State Univ., 
Ames, lA SOOll. Joint contribution of Fidd Crops Res. Unit and U.S. Dairy Forage 
Res. Center of USDA-ARS, and Iowa State Univ. Journal Paper no. of the 
Iowa Agric. and Home Econ. Exp. Stn., Ames, lA. Project no. 2709. Names are 
necessary to report factually on available data; however, the USDA neither guarantees 
nor warrants the standard of the product, and the use of the name by USDA implies no 
approval of tiie product to the exclusion of others that may also be suitable. 
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mL*'). Cellulase at 10 mL kg'' also was applied alone or combined with pectinase and 
inoculant, or formic acid. Forages near 320 g dry matter kg'' were ensiled in laboratory 
silos for 60 d. Cell-wall degradation by cellulase was twice as high in orchardgrass as 
in alfalfa silage, and cell walls of immature plants were degraded 61% more than those 
of mature plants. Averaged across harvests, cellulose was degraded twice as much as 
hemicellulose. In orchardgrass silage, NDF concentration decreased with increasing 
cellulase up to the highest rate of 20 mL kg"', where 30% of NDF was degraded. Cell-
wall concentration in alfalfa silage decreased up to a cellulase application of 10 mL kg'', 
where 13% of NDF was degraded. Increasing cellulase increased reducing sugar 
concentration by two and nine times in alfalfa and orchardgrass silage, respectively. 
Addition of formic acid to cellulase-treated orchardgrass and alfalfa silages increased 
sugar concentration by 33 and 96%, respectively, when averaged across harvests. Thus, 
cellulase+formic acid treated silage had more immediately available carbohydrates for 
energy-demanding processes in ruminants, such as microbial protein synthesis. 
INTRODUCTION 
Cell-wall degrading enzymes, such as cellulases and hemicellulases, applied to 
herbage before ensiling can decrease cell-wall concentration of the ensiled crop 
(Jaakkola, 1990; Selmer-Olsen et al., 1993; Sheperd et al., 1995). Results by others 
(Henderson et al., 1982) and by us (Chapter 5) have shown greater enzymatic cell-wall 
hydrolysis in grasses than in legumes. Furthermore, enzymes have greater effect on 
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cell-wall concentration in immature than in mature plants (Van Vuuren et al., 1989). 
This difference is probably related to greater lignification in legumes than in grasses and 
to the increased lignification of cell walls as plants mature (Buxton and Russell, 1988). 
Lignin in association with hemicellulose protects cellulose from enzymatic hydrolysis 
(Hatfield, 1993), and the rate of cellulose degradation is related to the amount of surface 
area accessible to cellulolytic enzymes (Weimer et al., 1990). Pectins are embedded in 
the lignin-hemicellulose complex (Hatfield, 1993), and they are present in greater 
amounts in legumes (200-300 g kg ' cell wall) than in grasses (< 10 g kg ' cell wall) 
(Selvendran, 1983). In attempts to further increase enzymatic cell-wall degradation 
during ensiling, pectinase has been added to the forage in combination with cellulase and 
hemicellulase (Kung et al., 1991; Tengerdy et al., 1991; Sheperd et al., 1995). 
Sugars released during enzymatic cell-wall hydrolysis provide additional substrate 
for the desirable lactic acid bacteria to produce lactic acid (Muck, 1993). High lactic 
acid production decreases pH to near 4.0 and restricts proteolytic activity (Muck and 
Pitt, 1993). Addition of a bacterial inoculant, containing lactic acid bacteria, stimulates 
lactic acid production, which rapidly decreases pH during the first critical days of 
ensiling (Bolsen et al., 1992; Jones et al., 1992). In contrast to enzymes and inoculants, 
formic acid restricts silage fermentation and preserves sugars during ensiling (Jaakkola, 
1990). 
Well-fermented silage witii a high lactic acid and decreased acetic acid, NH3-N, and 
cell-wall concentrations can increase silage intake and, therefore, improve the 
performance of ruminant animals (Wilkins et al., 1971; Buxton and Mertens, 1995). 
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Others have iq)orted the effects of enzyme application rates, with or without bacterial 
inoculant, on silage composition (Jaakkola, 1990; Kung et al., 1991; Tengerdy et al., 
1991; Selmer-Olsen et al., 1993). The rqx)rted results, however, have been 
inconsistent, and information about effects of plant maturity and species on the optimal 
enzyme application rate is lacking. Also, there is limited information on interactions 
among plant maturity, plant species, and use of silage additives. The objectives of this 
study were to determine the effects of cellulase rate applications in combination with a 
bacterial inoculant on cell-wall degradation and nutritive value of orchardgrass (Dactylis 
glomerata L.) and alfalfa (Medicago sativa L.) silages harvested at different maturities. 
Additionally, the effects of inoculant, pectinase, and formic acid on silage composition 
were studied. A companion paper (Chapter 4) describes effects of the additives on 
fermentation products in the silages. 
MATERIALS AND METHODS 
nant Material and Ensiling 
Orchardgrass and alfalfa were grown in a randomized complete block design with 
four field replicates at the Agronomy and Agricultural Engineering Research Center of 
Iowa State University near Ames, lA. The main plot size was 9 x 18 m, which was 
divided into six subplots with a size of 4.5 x 6 m. The soil was a Webster (Typic 
Haplaquolls) fertilized with 230 kg K and 50 kg P ha ' on 1 July 1992. Orchardgrass 
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was also fertilized with 95 kg N ha'^  on 7 May 1992 and with 65 kg N ha'' on 1 July 
1992. Forages were harvested with a jari mower on three dates with approximately 2-
wk intervals between harvests during spring (22 May, 5 and 19 June) and summer (16 
July, 4 and 13 August) growth cycles in 1992. All plots were mowed on 22 June to 
allow for regrowth. Orchardgrass maturity at the three harvest dates were 2 to 3 leaf 
stage, early heading, and late heading during the spring growth cycle. In the summer 
growth cycle, most of the orchardgrass plants did not reach the heading stage. Alfalfa 
maturity at the three harvest dates were early bud, early bloom, and late bloom. 
Forages were chopped to a 10-mm length with paper cutters and wilted outside to about 
320 g DM kg''. Herbage was treated with cellulase alone or combined with a 
pectinase, bacterial inoculant, or formic acid, and additional herbage was ensiled without 
treatment as a control. The additives were sprinkled sqnrately over the wilted herbage, 
which was then mixed well. 
The liquid cellulase (Multifect™ CL, Genencor International, Rochester, NY), which 
had both cellulolytic and hemicellulolytic activity, was derived from Trichoderma 
longibrachiatum and had a minimum carboxymethylcellulose activity of 2500 lU mL'*. 
The liquid pectinase (Cytolase* PCLl, Genencor International, Rochester, NY) derived 
from Aspergillus niger and had a minimum activity of 1300 apple pomace pectin 
viscosity units mL'*. Bacterial inoculant (Biomate* SI Forage Inoculant, Chr. Hansen's 
Biosystems, Milwaukee, WI) contained Lactobacillus plantarum and Pediococcus 
cerevisiae. A water solution of the inoculant was applied at 10^ colony-forming units of 
lactic acid bacteria g'' herbage as recommended by the manufacturer. Treatments used 
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were wilted herbage; control silage with no treatment; and silage treated with 
inoculant+cellulase at 2, 10, and 20 mL cellulase kg'* wilted herbage; cellulase without 
inoculant, 10 mL kg'*; inoculant+cellulase at 10 mL kg'* combined with pectinase at 
0.3, and 3 fiL pectinase kg''; and cellulase at 10 mL kg'' combined with formic acid 
(88%) at 4 mL formic acid kg'' wilted herbage. Cellulase application rates were chosen 
based on previous research results with a dosage range from 0.3 to 2.4 mL of the liquid 
cellulase kg'' wilted herbage (Chapter 2). Water was added to the control as well as to 
treated silage so that a total of S% liquid was added to the wilted herbage weight. 
Treated herbage (600 g) was packed in 946 mL glass jars (Qorpak™, Pittsburgh, PA) 
used as laboratory silos that were sealed with teflon disc lined lids, which were equipped 
with fermentation traps containing water. Plant material was ensiled for 60 d at 20°C, 
and when the silos were opened, the contents of each silo were thoroughly mixed before 
subsamples were taken. All subsamples were kept frozen at -20°C until they were 
prepared for chemical analyses. 
Chemical Analyses 
A 100-g subsample from each silo and from wilted herbage was freeze dried and 
ground in a UDY cyclone mill (UDY Corporation, Fort Collins, CO) to pass a 1-mm 
screen for analysis of in-vitro digestible DM (IVDDM), neutral detergent fiber (NDF), 
acid detergent fiber (ADF), and acid detergent lignin (ADL). The DM concentration 
was determined by weighing samples before and after freeze drying. The IVDDM 
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analysis was based on the NC-64 direct acidification technique (Marten and Barnes, 
1980). The buffer (Kansas State) was flushed with CO2 and reduced by addition of 
sodium sulphide and cysteine hydrochloride to a total final concentration of 0.05% of the 
reducing agents in the buffer. Resazurin, used as a reducing indicator in the buffer, 
changed from reddish pink to colorless when sodium sulphide and cysteine hydrochloride 
reduced the buffer (Goering and Van Soest, 1970). Concentrations of NDF, ADF, and 
ADL were determined sequentially with an a-amylase (Sigma Chemical Co, St. Louis, 
MO, No. A-6814) included in the NDF procedure (Goering and Van Soest, 1970; Van 
Soest and Robertson, 1980). Analyses of ADF and ADL were not conducted on silages 
treated with cellulase alone or combined with pectinase and inoculant, or formic acid 
from the first and third harvests. Hemicellulose concentration was calculated as the 
difference between NDF and ADF concentrations, and cellulose concentration was 
calculated as the difference between ADF and the sum of ADL-plus-ash concentrations. 
A second 100-g subsample of silage and wilted herbage was diluted with 100 mL of 
deionized water and squeezed through one layer of cheese cloth. The extract was frozen 
for later analysis of reducing sugars. Before analysis, plant extracts were centrifuged at 
11 200 X ^ at S°C for 10 min. Reducing sugar concentration was determined with a 
colorimetric method (N^elson, 1944; Somogyi, 194S). Absorbance was measured 
spectrophotometrically (Ultrospec 4050, LKB Biochrom Ltd., Cambridge, England) at 
660 nm and related to a glucose standard curve for calculation of reducing sugar 
concentration. Also, invertase was added to some samples to detect the presence of 
sucrose. There was no detectable sucrose in the samples. Reducing sugars were not 
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analyzed on silages treated with cellulase and inoculant in combination with pectinase 
from the first and third harvests. Crude protein concentration was determined on non-
dried samples by using the macro-Kjeldahl technique with a Tecator lOlS digestion block 
(Tecator AB, Hdganas, Sweden). Digested samples were analyzed for total-N 
concentration according to QuikChem Method No. 1S-107-06-2-B with a salicylate-
nitroprusside color reagent, by using an automated ion analyzer (QuikChem AE, Lachat 
Instruments, Milwaukee, WI). 
Statistical Design 
Data were analyzed via analysis of variance for a split-split-split-plot design with 
four replicates in a randomized complete block arrangement using the general linear 
model procedure (PROC GLM) of SAS (1985). Plant species were treated as the whole 
plot, growth cycle as the subplot, harvest date as the sub-subplot, and treatment as the 
sub-sub-subplot. Because the two growth cycles behaved similarly, data are presented 
averaged across growth cycles. Significant F-tests at the 0.05 (*), 0.01 (""*), and 0.001 
(••*) levels of probability are reported. When a significant F-value was detected, least 
significant difference at P < 0.05 was used to determine significant variation among 
means (Cochran and Cox, 1957). 
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RESULTS AND DISCUSSION 
Forages were wilted to between 300 and 350 g DM l '^* herbage. Orchardgrass and 
alfalfa were wilted to about the same DM concentrations at the second harvest (Table 1). 
Orchardgrass averaged 14% greater DM concentration at the third harvest than at the 
two previous harvests, and orchardgrass had 11% greater DM concentration than alfalfa 
at the third harvest. At the first harvest, alfalfa had 8% greater DM concentration than 
Table 1. Dry-matter concentration of orchardgrass and alfalfa harvested at three 
dates averaged across treatments and growth cycles. 
Harvest Harvest Species x Harvest 
Species Signi- Signi-
12 3 Mean ficance ficance LSD (0.05) 
g kg * 
Orchardgrass 304 318 354 325 *** 19 
Alfalfa 329 326 319 325 
Meant 317a 322a 336b * 
t Means with different letters in the same row differ significantly at P < 0.05 
according to LSD test. 
•, •** Significant at P < 0.05, 0.001, respectively. 
orchardgrass. The b^tments had littie effect on DM concentration (data not shown). 
Cellulase at 2 mL kg ' decreased NDF and cellulose concentrations significantly in both 
species (Table 2; Fig. 1-2). The NDF concentration in orchardgrass silage continued to 
decrease with increasing cellulase up to 20 mL kg ' at the first and second harvests 
Table 2. Neutral detergent fiber concentration in wilted herbage and silage of orchardgrass and alfalfa harvested at 
three dates averaged across growth cyclesf-
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat- Orchard- Orchard- Orchard Orchard- Overall 
mentt grass Alfalfa grass Alfalfa grass Alfelfa grass Alfalfa 1 2 3 mean§ 
WH 547 330 545 370 580 427 557 376 438 457 503 466a 
Control 500 351 524 379 560 436 528 389 425 452 498 458b 
ICx 392 325 429 349 511 409 444 361 359 389 460 402c 
IC5x 346 295 380 342 437 379 388 339 321 361 408 363e 
IClOx 321 284 359 338 431 385 371 336 302 349 408 353f 
C5x 332 308 379 343 436 391 382 347 320 361 414 36Se 
IC5xPy 361 278 386 354 432 396 393 343 320 370 414 368e 
ICSxPlOy 338 311 376 347 447 390 387 349 325 361 418 368e 
FACSx 359 324 388 348 435 400 394 358 341 368 418 376d 
Mean 388 312 419 352 474 401 427*** 355 350c1 385b 438a 
*** Significant atP < 0.001. 
t Species X harvest, NS; species X treatment, ***, LSD (0.05)=10; harvest X treatment, *•"*, LSD (0.05)=13; species X harvest x 
treatment, ***, LSD (0.05)= 18. 
t Wilted herbage, WH; inoculant+cellulase 2 mL kg ', ICx; inoculant+cellulase 10 mL kg'', IC5x: inoculant+cellulase 20 mL kg'', IClOx; 
cellulase 10 mL kg'*, CSx; inoculant+cellulase 10 mL kg '+pectinase 0.3 iih kg'', IC5xPy; inoculant+cellulase 10 mL kg''+pectina8e 
3 (tL kg'', IC5xP10y; formic acid 4 mL kg''+cellulase 10 mL kg'', FAC5x; bacterial inoculant applied at lO' colony forming units of lactic 
acid bacteria g*' herbage. 
§ Means with differrat letters in the same column differ significantly atP < 0.05 according to LSD test. 
5 Means with differmt letters in the same row differ significantly at P < 0.05 according to LSD test. 
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Fig. 1. Effect of cellulase application rate on neutral detergent fiber (NDF) 
concentration in orchardgrass (A) and alfalfa (B) silages harvested at three 
consecutive dates with 2-wk intervals. Data are average of four field replicates and 
two growth cycles. LSD (0.05)=18. 
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. 2. Effect of cellulase application rate on cellulose concentration in orchardgrass (A) 
and alfalfa (B) silages harvested at three consecutive dates with 2-wk intervals. Data 
are average of four field replicates and two growth cycles. LSD (0.05) = 18. 
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(Table 2; Fig. lA). In the third harvest, NDF decreased significantly only up to 10 mL 
cellulase 1 '^* herbage. The response was smaller in alfalfa silage, with a significant 
decrease in NDF up to 10 mL cellulase kg'^  at the first and third harvests, but only to 2 
mL cellulase kg'^  at the middle harvest (Table 2; Fig. IB). Additionally, cellulose 
concentration in orchardgrass silage decreased significantly with increasing cellulase up 
to 20 mL kg ' at the third harvest, and to 10 mL cellulase kg ' at the first and second 
harvests (Fig. 2A). In alfalfa, cellulose decreased significantly with increasing cellulase 
up to 10 mL kg'' herbage at the third harvest (Fig. 2B). 
Averaged across harvests, cellulase at 20 mL kg ' herbage decreased NDF 
concentration of orchardgrass and alfalfa silage by 30 and 14%, respectively (Table 2). 
Similarly, cellulose degradation was twice as high in orchardgrass as in alfalfa silage 
(Fig. 2A-B). The lower cell-wall degradation by cellulase in alfalfa can be related to a 
72% greater lignin concentration in alfalfa than in orchardgrass (Table 3). Greater 
cellulose degradation in cellulase-treated grass than in alfalfa silage also has been 
reported by Henderson et al. (1982). The NDF and cellulose degradation of 
orchardgrass silage decreased by 36 and 20% from first to third harvest, with most of 
the decrease occurring between the second and third harvest (Table 2; Fig. lA and 2A). 
Because lignin concentration in orchardgrass was not affected by harvest date (Table 3), 
other factors beyond lignin may limit cell-wall degradation in orchardgrass at later 
harvest dates. 
In alfalfa, NDF and cellulose degradation decreased by 42 and 41 % between first 
and second harvests, which may be explained by a simultaneous 26% increase in lignin 
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Table 3. Lignin concentration of orchardgrass and alfalfa harvested at three dates 
averaged across treatments and growth cycles. 
Harvest Harvest Species x Harvest 
Species Signi- Signi-
12 3 Mean ficance ficance LSD (0.05) 
g kg"' dry matter 
Orchardgrass 39 36 41 39 7 
Alfalfa 57 72 77 69*** 
Meant 48b 54a 59a •** 
t Means with different letters in the same row differ significantly at P < 0.05 
according to LSD test. 
»»* Significant at P < 0.001. 
concentration in alfalfa (Tables 2 and 3; Fig. IB and 2B). Cellulose degradation in 
alfalfa silage increased by 61%, however, between second and third harvest. There was 
also a small increase in NDF degradation in alfalfa silage between the last two harvests. 
This increase in cell-wall degradation in alfalfa silage at the last harvest date is difficult 
to explain. Averaged across species, NDF concentration decreased by 25% from first to 
third harvest (Table 2). 
Averaged across harvests, hemicellulose concentration of orchardgrass silage 
decreased significantly with increasing cellulase up to 20 mL kg ', where a 22% 
degradation occurred compared with the control (Fig. 3A). Cellulase applied at 10 mL 
kg'' decreased hemicellulose concentration in alfalfa by 15% (Fig. 3B). Similar to our 
results, Jaakkola (1990) and Selmer-Olsen et al. (1993) reported decreased NDF 
concentration with increased rate of a cellulase or a cellulase/hemicellulase mixture, 
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Fig. 3. Effect of cellulase application rate on hemicellulose concentration in 
orchardgrass (A) and alfalfa (B) silages harvested at three consecutive dates with 2-
wk intervals. Data are average of four field replicates and two growth cycles. LSD 
(0.05) = 15. 
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respectively, applied to grass silage. Li agreement with our experiment, the enzyme 
effect in their study was greater on cellulose than on hemicellulose. Different from our 
results, Kung et al. (1991) and Tengerdy et al. (1991) found no effect of increased 
enzyme rate on alfalfa silage, when mixtures of cellulase, hemicellulase, and pectinase 
were used. Averaged across species, hemicellulose degradation by cellulase at 20 mL 
kg'^  decreased by 68% from first to third harvest. The decreasing effect of cellulase on 
cell-wall degradation with a later harvest date agrees with results by Van Vuuren et al. 
(1989), who applied a commercial enzyme mixture to grass silage. 
Because there were no differences in cell-wall degradation between cellulase alone 
and cellulase combined with inoculant, cell-wall degradation by the combination of 
cellulase and inoculant can be related to cellulase activity (Table 2). Pectinase and 
formic acid had no effects on cell-wall concentration, as indicated by no consistent 
differences between cellulase alone and combined with pectinase or formic acid (Tables 
2, 4, and 5). Furthermore, other research by us (Chapters 2 and 5) has shown no 
effects of inoculant or formic acid on cell-wall concentration. 
Ensiling decreased NDF concentration in orchardgrass by 5% when averaged across 
harvests with one to two times greater effect at the fost harvest than at the following 
harvests (Table 2). The lower NDF concentration in control orchardgrass silage can be 
explained by acidic hydrolysis of hemicellulose, which is shown by a 19% lower 
hemicellulose concentration in control orchardgrass silage than in wilted herbage at the 
second harvest (Table 5; Fig. 3A). Selmer-Olsen et al. (1993) reported similar 
decreases in NDF and hemicellulose concentrations during ensiling of perennial {Lolium 
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Table 4. Cellulose concentration in wilted herbage and silage 
of orchardgrass and alfalfa at the second harvest averaged 
across growth cycles. 
Species 
Orchard-
Treatmentt grass Alfalfa Mean§ 
g kg'' dry matter 
WH 255 208 231a 
C5x 174 187 180b 
ICSxPy 169 192 180b 
IC5xP10y 174 187 181b 
FAC5x 168 201 185b 
t Wilted herbage, WH; cellulase 10 mL kg ', C5x; inocu-
lant+cellulase 10 mL kg"'+pectinase 0.3 /aL 1^*', ICSxPy; 
inoculant+cellulase 10 mL l^ '+pectinase 3 fiL kg ', 
ICSxPlOy; formic acid 4 mL li^"'+cellulase 10 mL kg"', 
FACSx; bacterial inoculant applied at 10^ colony forming 
units of lactic acid bacteria g ' herbage. 
§ Means witii different letters in the same column differ 
significantiy at P < 0.05 according to LSD test. 
pererme L.) and Italian ryegrass {Lolium multiflonm L.). 
Because of cellulolytic hydrolysis of cell walls, reducing sugar concentrations 
increased with increasing rate of cellulase addition (Fig. 4A-B; Table 6). Sugar 
concentration in orchardgrass increased significantiy with increasing cellulase up to 20 
mL kg ', the highest rate of cellulase applied. In alfalfa, sugar concentration also 
increased with increasing cellulase up to 20 mL kg ', with the smallest effect at the 
second harvest. Sugar concentration in control alfalfa and orchardgrass silage increased 
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Table 5. Hemicellulose concentration in wilted herbage and 
silage of orchardgrass and alfalfa at the second haivest 
averaged across growth cycles. 
Species 
Orchaid-
Treatmentf grass Alfalfa Mean§ 
g kg"' dry matter 
WH 253 97 175a 
C5x 166 80 123b 
IC5xPy 176 89 132b 
IC5xP10y 163 89 126b 
FAC5x 177 75 126b 
t Wilted herbage, WH; cellulase 10 mL kg'S C5x; inoculant+ 
cellulase 10 mL l^ '+pectinase 0.3 piL kg ', ICSxPy; inocu-
lant+cellulase 10 mL kg '+pectinase 3 /iL kg"', ICSxPlOy; 
formic acid 4 mL kg''+cellulase 10 mL kg"', FAC5x; 
bacterial inoculant applied at 10^ colony forming units of 
lactic acid bacteria g ' herbage. 
§ Means with different letters in the same column differ 
significantiy at P < 0.05 according to LSD test. 
by two and nine times, respectively, when cellulase was applied at 20 mL kg '. 
Likewise, Jaakkola (1990) found increased sugar concentration with increasing cellulase 
application to timothy (Phleim pratense L.) silage. As cell-waU degradation by cellulase 
generally decreased with later harvest date, the increase in sugar concentration decreased 
simultaneously in cellulase-treated silage. Across species, the average increase in sugar 
concentration by cellulase at the last two harvests was approximately 50% less than at 
the first harvest (Table 6). 
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Table 6. Sugar concentration in wilted herbage and silage of orchardgrass and alfalfa harvested at three dates 
averaged across growth cyclesf. 
Harvest 1 Harvest 2 Haivest 3 Species mean Haivest mean 
Treat- Orchard- Orchard- Orchard- Orchard- Ovendi 
mentj; grass Alfalfa grass Alfalfa grass Alfalfa grass Alfalfa 12 3 mean§ 
g kg ' dry matter 
WH 40 44 53 48 45 49 46 47 42 51 47 47d 
Control 7 13 16 25 17 17 13 18 10 20 17 I6e 
ICx 75 22 82 26 59 30 72 26 48 54 44 49d 
ICSx 107 41 122 38 99 46 109 42 74 80 73 76c 
IClOx 124 55 135 46 122 60 127 54 90 90 91 90b 
CSx 91 44 129 52 114 45 112 47 68 91 80 79c 
FACSx 154 97 156 89 137 88 149 92 126 123 113 120a 
Mean 86 45 99 46 85 48 46 6Sbt 73a 66b 
*, *** Significant at P < 0.05, 0.001, respectively. 
t Species X harvest, NS; species x treatment, ***, LSD (0.05)=9; harvest X treatment, *, LSD (0.05)= 10; species X harvest X 
treatment, NS. 
$ Wilted herbage, WH; inoculant+cellulase 2 mL kg ', ICx; inoculant+cellulase 10 mL kg ', IC5x; inoculant+cellulase 20 mL kg'', IClOx; 
cellulase 10 mL kg ', CSx; formic acid 4 mL kg '+cellulase 10 mL kg ', FAC5x; bacterial inoculant applied at lO' colony ibrming units of 
lactic acid bacteria g ' herbage. 
§ Means with different letters in the same column differ significantly at P < 0.05 according to LSD test. 
t Means with differrat letters in the same row differ significantly at P < 0.05 according to LSD test. 
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Because most of the sugars were fermented to organic acids during ensiling (see 
Chsq^ter 4), sugar concentration in control orchardgrass and alfalfa silage was 72 and 
62% lower, respectively, than wilted herbage when averaged across harvests (Table 6). 
Across species, 76% of the sugars were used during ensiling at the first harvest, whereas 
control silage had 61 and 64% less sugar than wilted herbage at the second and third 
harvest, respectively. Much of the sugars present in the wilted herbage and sugars 
released from cellulolytic cell-wall degradation during ensiling was preserved by formic 
acid in the formic acid+cellulase treated silage. Consequently, formic acid+cellulase 
treated orchardgrass and alfalfa silage had 33 and 96% greater sugar concentration, 
respectively, than cellulase-treated silage when averaged across harvests (Table 6). This 
is in agreement with results by Russell (1985), who reported up to a 100% greater sugar 
concentration in formic acid+cellulase treated than in cellulase-treated com (Zea mays 
L.) stover silage. Across species, formic acid increased sugar concentration in cellulase-
treated silage, on average, SS% more at the first harvest than at the two following 
harvests (Table 6). Pectinase had little or no effect on sugar concentration at the second 
harvest (orchardgrass: 112 and 131 g kg*' DM; alfalfa: 36 and 37 g kg"' DM for 
inoculant+cellulase+pectinase treatments at 0.3 and 3 /xL pectinase kg'' wilted herbage). 
Despite extensive cell-wall degradation by cellulase, IVDDM was not improved in the 
cellulase-treated silages (Table 7). This is consistent with other research by us (Chapter 
5), and with results by Van Vuuren et al. (1989). RusseU (1985) reported, however, 
improved IVDDM in cellulase-treated com stover silage. Ensiling decreased IVDDM by 
2% compared with wilted herbage when averaged across harvests and species (Table 7). 
Table 7. In-vitro digestible dry matter in wilted herbage and silage of orchardgrass and alfalfa harvested at three 
dates averaged across growth cyclest-
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat- Orchard- Orchard- Orchard- Orchard- Overall 
mait$ grass Alfalfo grass Alfalfa grass Alfal& grass Alfalfa 12 3 niean§ 
g kg-' 
WH 673 710 662 678 610 624 648 671 692 670 617 660a 
Control 6S9 688 643 6S4 60S 612 636 651 674 648 608 644c 
ICx 656 698 637 661 597 621 630 660 677 649 609 64Sbc 
ICSx 654 699 641 656 603 625 633 660 677 648 614 646bc 
IClOx 661 698 635 658 598 618 631 658 679 647 608 645bc 
CSx 660 692 622 656 600 620 627 656 676 639 610 642c 
ICSxPy 6SS 696 618 653 608 621 627 657 675 636 615 642c 
ICSxPKty 654 695 633 659 600 625 629 660 674 647 612 644c 
FACSx 665 698 651 658 608 620 641 659 681 655 614 650b 
Mean 660 697 638 659 603 621 634 659*** 678at 649b 612c 
*, *** Significant at P < 0.05, 0.01. and 0.001, respectively. 
t Species X harvest, """, LSD (0.05)=7; species X treatment, NS; harvest X treatment, "i", LSD (0.0S)=10; species X harvest X 
treatment, NS. 
$ Wilted herbage, WH; inoculant+celiulase 2 mL kg'', ICx; inoculant+cellulase 10 mL kg'*, IC5x; inoculant+cellulase 20 mL kg'*, IClOx; 
cellulase 10 mL kg'', C5x; inoculant+cellulase 10 mL kg''+pectinase 0.3 fih kg'', ICSxPy, inoculant+cellulase 10 mL kg''+pectinase 
3 nL kg'', ICSxPlOy; formic acid 4 mL kg''+cellulase 10 mL kg'', FACSx; bacterial inoculant applied at lO' colony forming units of lactic 
acid bacteria g'' herbage. 
§ Means with different letters in the same column differ sinificantly at P < O.OS according to LSD test. 
1 Means with differmt letters in the same row differ significantly at i* < O.OS according to LSD test. 
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Formic acid increased IVDDM slightly in cellulase-treated silage. Averaged across 
treatments, IVDDM of orchardgrass and alfalfa decreased by 9 and 11% from first to 
third harvest, with a larger decrease between the last two harvests than between the first 
two harvests. Alfalfa had 6% greater IVDDM than orchardgrass at the first harvest, but 
only 3% greater IVDDM at the two following harvests. 
Averaged across harvests, control orchardgrass silage had 7% greater crude protein 
concentration than wilted herbage, whereas there was no effect of ensiling on crude 
protein concentration in alfalfa (Table 8). Averaged across treatments, crude protein 
concentration decreased by 30 and 16% from first to third harvest in orchardgrass and 
alfalfa, respectively, with most of the decrease occurring between the first two harvests 
(data not shown). 
CONCLUSIONS 
Because of a lower lignin concentration and a greater initial NDF concentration, 
cell-wall degradation during ensiling of forages treated with cellulase (minimum 
carboxymethylcellulose activity: 2S(X) lU mL ') was greater in orchardgrass than in 
alfalfa. Additionally, cellulase degraded twice as much cellulose as hemicellulose, when 
averaged across species. A cellulase application rate higher than the highest rate of 20 
mL kg'' herbage in this experiment may have further decreased cell-wall concentration in 
orchardgrass silage. Cell-wall concentration in alfalfa, however, tended to reach a 
plateau when more than 10 mL cellulase kg'* herbage was applied. Our 
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Table 8. Crude protein concratration in wilted herbage and silage of orchardgrass 
and alfalfa averaged across harvests and growth cycles. 
Species Treatment Species x treatment 
Orchard- Signi- Signi-
Treatmentf grass Alfalfa Mean§ ilcance ficance LSD (0.05) 
g kg ' dry matter 
WH 186 226 206c 
Control 199 229 214a 
ICx 194 226 210b 
IC5x 195 226 211ab 
IClOx 194 226 210b 
C5x 195 225 210b 
IC5xPy 193 225 209bc 
IC5xP10y 193 225 209bc 
FAC5x 195 220 208bc 
Mean 194 225»»* 
t Wilted herbage, WH; inoculant+cellulase 2 mL kg"', ICx; inoculant+cellulase 10 
mL kg'S IC5x; inoculant+cellulase 20 mL kg ', IClOx; cellulase 10 mL kg ', C5x; 
inoculant+cellulase 10 mL kg"'+pectinase 0.3 (iL kg"', IC5xPy; inoculant+cellulase 
10 mL kg"'+pectinase 3 #*L kg"', ICSxPlOy; formic acid 4 mL kg '+cellulase 10 mL 
kg ', FAC5x; bacterial inoculant applied at 10^ colony forming units of lactic acid 
bacteria g'' herbage. 
§ Means with different letters in the same column differ significantly at P < 0.05 
according to LSD test. 
*, *•, Significant at i* < 0.05, 0.01, 0.001, respectively. 
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recommendations are, therefore, to apply at least 20 mL cellulase kg ' herbage to 
orchardgrass and no more than 10 mL cellulase kg'* to alfalfa. Because of less 
degradable cell walls in mature plants, immature plants were more responsive than 
mature plants to increased cellulase. The increased cell-wall degradation with increasing 
cellulase resulted in increased sugar concentration, especially in orchardgrass silage. 
This increased sugar concentration did not inhibit further cell-wall degradation, as shown 
in orchardgrass silage. Thus, lower cell-wall degradation in alfalfa is probably more 
related to interactions among phenolics and polysaccharides in the cell walls than to 
product inhibition. Addition of formic acid restricted fermentation of sugars released 
from cell-wall degradation and sugars already present in the herbage. Energy from this 
elevated sugar concentration in formic acid+cellulase treated silage can enhance energy 
requiring processes, such as the microbial protein synthesis, in the ruminant animal (Van 
Soest, 1994). However, the release of sugars during cell-wall hydrolysis did not 
increase IVDDM of silages during 48 h anaerobic fermentation. Other research by us 
(Chapter 6) has shown increased total DM disappearance during early hours of in situ 
ruminal fermentation for formic acid+cellulase treated silage, with a greater effect in 
orchardgrass than in alfalfa. Thus, cellulase, especially in combination with formic acid, 
can improve performance of ruminants with high rates of passage and high energy 
demands, such as growing calves and high-yielding dairy cows. 
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CHAPTER 4. FERMENTATION PRODUCTS FROM ENSILED FORAGES 
TREATED WITH ENZYME, INOCULANT, AND 
FORMIC ACID 
A paper to be submitted to Crop Science 
E. M. G. Nadeau, D. R. Buxton*, and M. J. Allison 
ABSTRACT 
Limited information exists on the effects of plant species and plant maturity on 
enzyme, bacterial inoculant, and formic acid treated silage. The objectives of this study 
were to determine the effects of cellulase (from Trichoderma longibracfuatum), bacterial 
inoculant {Lactobacillus plantanm and Pediococcus ceremiae), formic acid, and 
pectinase (from Aspergillus niger) on fermentation characteristics of orchardgrass 
(Dactylis glomerata L.) and alfalfa (Medicago sativa L.) silages harvested at differing 
maturities. Forages near 320 g dry matter kg ' were ensiled in laboratory silos for 60 
d. Cellulase, combined with inoculant, was applied at 2, 10, and 20 mL kg'' herbage (at 
least 2500 lU mL '). Cellulase at 10 mL kg ' was also applied alone or combined with 
E.M.G. Nadeau, Dep. of Agronomy, D.R. Buxton, USDA-ARS and Dep. of 
Agronomy, Iowa State Univ., Ames, lA 50011, and M.J. Allison, USDA-ARS-NADC, 
Ames, lA 50010. Joint contribution of Field Crops Res. Unit and U.S. Dairy Forage 
Res. Center of USDA-ARS, and Iowa State Univ. Journal Paper no. of the 
Iowa Agric. and Home Econ. Exp. Stn., Ames, lA. Project no. 2709. Names are 
necessary to report factually on available data; however, the USDA neither guarantees 
nor warrants the standard of the product, and the use of the name by USDA implies no 
approval of the product to the exclusion of others that may also be suitable. 
^Corresponding author. 
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inoculant and pectinase, or with formic acid. Cellulase at 2 mL kg ' combined 
withinoculant decreased pH to 4.03 and 4.10, NHa-N by 26 and 16%, and acetic acid 
concentration by 37 and 30% but increased lactic acid by 41 and 48% and total acid 
concentration by 23 and 21% in orchardgrass and alfalfa silage, respectively, when 
averaged across harvests. There were generally no effects of increased cellulase 
application on the fermentation products. Cellulase applied at 2 mL kg'^  produced 
enough sugar to improve silage fermentation. The improved fermentation of 
cellulase+inoculant treated orchardgrass silage was mostly related to the effect of 
inoculant. Cellulase alone improved fermentation characteristics of alfalfa silage and this 
effect was enhanced by addition of inoculant. Averaged across harvests, formic acid 
decreased NH3-N by 18 and 26% and total acid concentration by 38 and 46% in enzyme-
treated orchardgrass and alfalfa silage, respectively. 
INTRODUCTION 
Additives, such as cell-wall degrading enzymes, bacterial inoculants, and formic 
acid, can improve silage fermentation under normal ensiling conditions. Cellulases and 
hemicellulases release sugars during cell-wall degradation that can be used as substrate 
for lactic acid bacteria to produce lactic acid (Muck, 1993). Lactic acid decreases silage 
pH to near 4.0, a level required for stable silage. Enzymes are most beneficial on crops 
with low sugar concentrations, such as low dry-matter legumes and grasses (Muck, 
1993). Inoculants containing lactic acid bacteria can only increase the lactic to acetic 
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acid ratio and the rate of pH decline if sufficient ferm^table sugars are available (Bolsen 
et al., 1992; Jones et al., 1992). Enzymes combined with an inoculant can improve 
homolactic fermentation of silage (Tengerdy et al., 1991; Sheperd et al., 1995), whereas 
enzymes applied alone have had variable effects on silage fermentation (Jaakkola 1990; 
Tengerdy et al., 1991; Selmer-Olsen et al., 1993). 
In contrast to enzymes and inoculants that stimulate silage fermentation, formic acid 
restricts fermentation and decreases silage pH by direct acidification (Muck, 1993). 
Formic acid is commonly used in Scandinavia on crops with low dry-matter and sugar 
concentrations. Under these conditions, a low pH is needed to prevent clostridial growth 
(Muck, 1993). 
To reduce fermentation losses and to improve silage intake by livestock, it is 
imperative to stimulate homolactic fermentation of the silage by use of additives (Muck, 
1993). Increased enzyme application rates have shown some (Jaakkola, 1990; Tengerdy 
et al., 1991; Selmer-Olsen et al., 1993) or no (Kung et al., 1991) effects on silage 
fermentation products. Differing results depend on differences in enzyme sources, 
application rates, plant species, and harvest dates among the studies. Only limited 
information exists on the interaction among silage treatments, plant species, and plant 
maturity. This experiment was conducted to determine the effect of cellulase application 
rate, when combined with a bacterial inoculant, and the effects of inoculant, pectinase, 
or formic acid on fermentation products of orchardgrass (Dactylis glomerata L.) and 
alfalfa (Medicago sativa L.) silages harvested at differing maturities. The effect of these 
treatments on cell-wall degradation is reported in a companion paper (see Chapter 3). 
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MATERIALS AND METHODS 
Silages were produced and treatments were implied as described in Chsq;>ter 3. 
Treatments are referred to as follows: wilted herbage; control silage; and silage treated 
with inoculant+cellulase at 2 (ICx), 10 (ICSx), and 20 mL cellulase kg ' (IClOx); 
cellulase without inoculant, 10 mL kg'^  (CSx); IC5x combined with pectinase at 0.3 
(ICSxPy), and 3 ^L pectinase kg"' (ICSxPlOy); and CSx combined with formic acid 
(88%) at 4 mL formic acid kg ' herbage (FACSx). 
Herbage and silage pH were determined with a glass electrode on fresh plant 
extracts before the extracts were frozen for later analyses of NH3-N and organic acid 
concentrations. Plant extracts were prepared and centrifiiged as described in Chapter 3. 
Concentration of NH3-N was determined according to the QuikChem Method No. 26-
107-06-2-B with a salicylate-nitroprusside color reagent, using an automated ion analyzer 
(QuikChem AE, Lachat Instruments, Milwaukee, WI). Individual organic acids were 
measured by gas chromatography (model 5890 GC, HP3396 Series n integrater, 
HP7673A auto sampler, Hewlett-Packard Co., Wilmington, DE) of butyl esters, which 
were prepared as described by Salanitro and Muirhead (1975). Heptanoate was used as 
an internal standard, and the butyl esters were separated on a HPS 10 m x 530 fim glass 
column coated with 5% phenylmethyl silica (Hewlett-Packard Co., Wilmington, DE), 
using a flame ionization detector and nitrogen as a carrier gas with a flow rate of 6.3 
mL min''. Injection port temperature was 180°C, and the detector temperature was 
270°C. The oven temperatures were as follows: 50®C for 30 s, followed by an 8°C 
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min'^  increase to 100°C, and a 30°C min ' increase to a final temperature of 180°C. 
Organic acids were not analyzed on ICSxPy and ICSxPlOy-treated silages from the first 
and third harvests. Data were statistically analyzed via analysis of variance as described 
in Chapter 3. 
RESULTS AND DISCUSSION 
Ammonia N as a portion of total N increased by two to four times during ensiling, 
with a greater increase in alfalfa than in orchardgrass silage at the last two harvests 
(Table 1). Averaged across harvests, ICx treatment decreased NH3-N concentration over 
control orchardgrass silage by 26%, with a smaller effect at later harvest dates. In 
alfalfa, ICx decreased NH3-N concentration by 16%, with a greater effect at later harvest 
dates. Similarly, Sheperd et al. (1995) reported decreased NH3-N concentration from 
addition of inoculant/cellulase/amylase mixtures with or without addition of pectinase to 
alfalfa silage. 
There was generally no effect of increased cellulase on NH3-N concentration (Table 
1). Because C5x-treated orchardgrass silage behaved similarly to the control when 
averaged across harvests, the decreased NH3-N concentration in ICx-treated orchardgrass 
silage was mostly related to the effect of inoculant. This is further confirmed by a 22% 
lower NH3-N concentration in ICSx than in C5x-treated orchardgrass silage, when 
averaged across harvests. The CSx-treated alfalfa silage had 9 and 14% lower NH3-N 
concentration than the control at the second and third harvest, respectively. This greater 
Table 1. Ammonia-nitrogen concentration in wilted herbage and silage of orchardgrass and alfalfa harvested at three 
dates averaged across growth cyclesf. 
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat- Orchard- Orctaaid- Orchard- Orchard- Overall 
moitj; grass Alfalfa grass Alfalfa grass Alfalfa grass Alfalfa 1 2 3 mean§ 
g kg"' total N 
WH 22.4 20.7 22.5 19.0 23.5 18.6 22.8 19.4 21.5 20.7 21.1 21.1e 
Control 92.6 80.8 80.1 103.5 67.4 83.7 80.0 89.3 86.7 91.8 75.5 84.7a 
ICx 64.9 72.4 59.7 86.1 53.5 66.6 59.4 75.0 68.7 72.9 60.0 67.2c 
lC5x 60.1 69.1 66.4 85.2 57.8 66.8 61.4 73.7 64.6 75.8 62.3 67.6c 
IClOx 61.6 71.9 63.4 79.9 58.7 66.9 61.2 72.9 66.8 71.7 62.8 67.1c 
C5x 78.7 76.4 85.8 93.7 71.0 72.4 78.5 80.8 77.6 89.8 71.7 79.7b 
IC5xPy 63.3 68.4 63.4 81.2 58.2 67.5 61.6 72.4 65.9 72.3 62.8 67.0c 
IC5xP10y 62.4 69.9 64.0 82.0 57.8 65.4 61.4 72.4 66.2 73.0 61.6 66.9c 
FACSx 64.5 56.1 69.2 67.2 60.5 55.2 64.7 59.5 60.3 68.2 57.8 62. Id 
Mean 63.4 65.1 63.8 77.5 56.5 62.6 61.2 68.4 64.2b1 70.7a 59.5c 
*** Significant at P < 0.05, 0.001, respectively. 
t Species X harvest, *, LSD (0.05)=5.9; species X treatment, •*•, LSD (0.05)=3.8; harvest X treatment, ***, LSD (0.05)=4.7; species X 
harvest X treatmait, LSD (0.05)=6.6. 
I Wilted herbage, WH; inoculant-f cellulase 2 mL kg'', ICk; inoculant+cellulase 10 mL kg'', IC5x; inoculant+cellulase 20 mL kg'*, IClOx; 
cellulase 10 mL kg*', C5x; inoculant+cellulase 10 mL kg''+pectinase 0.3 /iL kg'', IC5xPy; inoculant+cellulase 10 mL kg''+pectinase 
3 (iL kg'', IC5xP10y; fonnic acid 4 mL kg''+cellulase 10 mL kg'', FAC5x; bacterial inoculant applied at 10^ colmiy forming units of lactic 
acid bacteria g'' herbage. 
§ Means with differmt letters in the same column differ significantly at P < 0.05 according to LSD test. 
t Means with differmt letters in the same row differ significantly a.tP< 0.05 according to LSD test. 
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effect of inoculant than of cellulase in the cellulase+inoculant treated orchardgrass silage 
is consistent with our earlier work (Chapter 2). Additionally, inoculant decreased NH3-
N concentration in CSx-treated alfalfa silage by 11 and 9% at the first and second 
harvest, respectively. In agreement with our results, Kung et al. (1990) found decreased 
proteolytic activity by Biomate* inoculant, when applied to barley (Hordeum vulgare L.) 
and hairy vetch (Vicia villosa Roth) silage, whereas Bolsen et al. (1992) presented no 
effect of Biomate* on NH3-N concentration in alfalfa silage. Jones et al. (1992) reported 
decreased NH3 concentration in inoculated alfalfa silage, whereas Kung et al. (1990) and 
Kung et al. (1991) reported no effect of cellulase and a cellulase/pectinase mixture on 
NH3-N concentration in barley-vetch and alfalfa silage, respectively. Jaakkola (1990) 
found, however, decreased proteolytic activity in enzyme-treated grass silage, when 
combinations of cellulase, hemicellulase, and glucose oxidase were used. 
Averaged across harvests, formic acid decreased NH3-N concentration in CSx-
treated orchardgrass and alfalfa silage by 18 and 26%, respectively, with only small 
differences between harvests (Table 1). Others have also found decreased proteolytic 
activity in formic acid treated grass and alfalfa silage (Jaakkola, 1990; Fairbaim et al., 
1992; Selmer-Olsen et al., 1993). 
Averaged across treatments, orchardgrass had 11% lower NH3-N concentration at 
the third harvest than at the first two harvests (Table 1). Alfalfa averaged 21% greater 
NHj-N concentration at the middle harvest than at the first and third harvest. 
Ensiling resulted in a significant pH decrease, and addition of cellulase alone (CSx) 
decreased pH further compared with control silage in both species (Table 2). 
Table 2. pH in wilted herbage and silage of orchardgrass and alfalfa harvested at three dates averaged across growth 
cyclesf. 
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat-
mraitj; 
Orchard-
grass Alialfa 
Orchard-
grass Alfalfa 
Orchard-
grass Alfelfo 
Orchard-
grass Alfalfa 1 2 3 
Overall 
mean§ 
WH 6.15 5.38 6.08 5.38 6.16 5.40 6.13 5.39 5.77 5.73 5.78 5.76a 
Control 4.54 4.51 4.34 4.71 4.59 4.45 4.49 4.55 4.52 4.53 4.52 4.52b 
ICx 4.01 4.09 4.02 4.19 4.05 4.02 4.03 4.10 4.05 4.10 4.04 4.06e 
ICSx 3.99 4.03 4.03 4.12 4.04 3.99 4.02 4.05 4.01 4.08 4.02 4.03f 
IClOx 3.98 4.03 4.01 4.05 4.00 3.97 4.00 4.01 4.00 4.03 3.99 4.01f 
CSx 4.07 4.17 4.17 4.31 4.42 4.08 4.22 4.19 4.12 4.24 4.25 4.20d 
ICSxPy 3.98 4.04 4.02 4.09 4.04 3.99 4.01 4.04 4.01 4.06 4.01 4.03f 
ICSxPlOy 3.97 4.03 4.00 4.09 4.04 3.98 4.01 4.04 4.00 4.05 4.01 4.02f 
FACSx 4.25 4.38 4.28 4.40 4.42 4.31 4.31 4.36 4.31 4.34 4.36 4.34c 
Mean 4.33 4.30 4.33 4.37 4.42 4.24 4.36** 4.30 4.31 4.35 4.33 
**, *** Significant at P < 0.01, 0.001, respectively. 
t Species X harvest, ***, LSD (0.05)=0.07; species X treatment, **•", LSD (0.05)=0.05; harvest X treatment, **, LSD (0.05)=0.06; 
Species X harvest x treatment, *•*, LSD (0.05)=0.08. 
t Wilted herbage, WH; inoculant+cellulase 2 mL kg'', ICx; inoculant+cellulase 10 mL kg'', ICSx; inoculant+cellulase 20 mL kg'*, IClOx; 
cellulase 10 mL kg'*, CSx; inoculant+cellulase 10 mL kg''+pectinase 0.3 fiL kg'', ICSxPy; inoculant+cellulase 10 mL kg''+pectinase 
3 fiL kg'*, ICSxPlOy; formic acid 4 mL kg''+ cellulase 10 mL kg'', FACSx; bacterial inoculant applied at 10^ colony forming units of lactic 
acid t>acteria g'' herbage. 
§ Means with different letters in the same column differ significantly atP< 0.05 according to LSD test. 
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Inoculant caused a further pH decline of cellulase-treated orchardgrass and alfalfa 
silages. Decreased pH by inoculant and enzyme in grass and legume silages has been 
reported by several researchers (Jaakkola, 1990; Kung et al., 1990; Jones et al., 1992; 
Sheperd et al., 1995). Formic acid addition resulted in a higher pH of cellulase-treated 
silage, but the pH was still within the acceptable range (4.2-4.4) for successful 
fermentation. Increased cellulase application did not decrease pH, except for alfalfa 
silage at the second harvest (Table 2). 
The ICx treatment increased lactic acid concentration over control orchardgrass 
silage by 39 and 24% at the first and second harvest, respectively, and by 66% at the 
third harvest (Table 3). The ICx-treated alfalfa silage had 44 and 32% greater lactic 
acid concentration than the control at the first and third harvest, respectively, and 79% 
greater lactic acid concentration at the second harvest. Similarly, Tengerdy et al. (1991) 
showed increased lactic acid production in alfalfa silage treated with a mixture of 
inoculant, cellulase, hemicellulase, and pectinase. Increased cellulase application rate 
did not increase lactic acid concentration, except for alfalfa silage at the second harvest. 
Consequently, increased cell-wall degradation with increased cellulase rate resulted in 
accumulation of sugars (Chapter 3). 
Addition of inoculant to CSx-treated orchardgrass silage increased lactic acid 
concentration by IS and 48% at the second and third harvest, respectively (Table 3). At 
the first harvest, CSx-treated orchardgrass silage had 30% greater lactic acid 
concentration than the control, with no additional effect of inoculant on lactic acid 
concentration. Addition of inoculant increased lactic acid concentration in CSx-treated 
Table 3. Lactic acid concentration in wilted herbage and silage of orchardgrass and alfalfa harvested at three dates 
averaged across growth cyclesf. 
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat- Orchard- Orchard- Orchard- Orchard- Overall 
roeoti grass Alfalfa grass Alfalfa grass Alfalfo grass Alfalfo 1 2 3 mean§ 
—— g kg"' dry matter 
WH 0.0 1.3 1.2 0.2 0.1 0.0 0.4 0.5 0.7 0.7 0.1 O.Se 
CcMitrol 62.6 49.9 63.2 30.9 44.3 47.5 56.7 42.8 56.2 47.0 45.9 49.7c 
ICx 87.3 71.7 78.4 55.4 73.4 62.9 79.7 63.3 79.5 66.9 68.2 71.5a 
ICSx 82.3 74.9 73.3 63.5 72.4 64.0 76.0 67.5 78.6 68.4 68.2 71.8a 
IClOx 79.0 74.6 75.4 67.1 72.4 64.4 75.6 68.7 76.8 71.2 68.4 72.1a 
CSx 81.6 66.7 63.5 50.1 48.8 58.9 64.6 58.6 74.1 56.8 53.8 61.6b 
FACSx 35.3 21.5 31.7 19.3 23.6 13.2 30.2 18.0 28.4 25.5 18.4 24. Id 
Mean 61.2 51.5 55.2 40.9 47.9 44.4 S4.8*» 45.6 56.3at 48.1b 46.1b 
•, •*, Significant at P < 0.05, 0.01, 0.001, respectively. 
t Species x harvest, *, LSD (0.05)=4.9; species X treatment, LSD (0.05)=3.7; harvest X treatmoit, LSD (0.05)=4.5; species 
X harvest X treatment, •**, LSD (0.05)=6.4. 
i Wilted herbage, WH; inoculant+cellulase 2 mL kg'', IC7; inoculant+cellulase 10 mL kg'', ICSx; inoculant+cellulase 20 mL kg'*, IClOx; 
cellulase 10 mL kg'', CSx; formic acid 4 mL kg '+cellulase 10 mL kg'', FACSx; bacterial inoculant applied at 10* colony forming units of 
lactic acid bacteria g'* herbage. 
§ Means with different letters in the same column differ significantly at P < 0.05 according to LSD test. 
t Means with different letters in the same row differ significantly at P < 0.05 according to LSD test. 
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alfalfa silage by 12, 27, and 9% at the first, second, and third harvest, respectively. 
Because CSx-treated alfalfa silage had 34, 62, and 24% greater lactic acid concentration 
than the control at the first, second, and third harvest, respectively, most of the increase 
in lactic acid concentration in inoculant+cellulase treated alfalfa silage was related to 
cellulase. Kung et al. (1990) and Jones et al. (1992) also reported increased lactic acid 
concentration in inoculated barley-vetch and alfalfa silage, respectively. Jaakkola (1990) 
showed increased lactic acid in cellulase and cellulase/hemicellulase-treated grass silage, 
with or without addition of glucose oxidase, whereas Kung et al. (1990) and Kung et al. 
(1991) reported no effect of cellulase or a cellulase/pectinase enzyme on lactic acid 
concentration in barley-vetch and alfalfa silage, respectively. Averaged across harvests, 
addition of formic acid decreased lactic acid concentration in CSx-treated orchardgrass 
silage by 53%, with the greatest effect at the first harvest (Table 3). In alfalfa, FACSx-
treated silage averaged 64% lower lactic acid concentration than CSx-treated silage at the 
first two harvests and 78% lower lactic acid concentration at the third harvest. Pectinase 
had no effect on lactic acid concentration at the second harvest (orchardgrass: 76.6 and 
76.0 g kg"' dry matter (DM); alfalfa: 65.1 and 60.9 g kg'* DM for IC5xPy and 
IC5xP10y, respectively; Table 3). 
Averaged across treatments, orchardgrass had 19 and 35% greater lactic acid 
concentration than alfalfa at the first and second harvest, respectively (Table 3). Lactic 
acid concentration in orchardgrass decreased by 22% from first to third harvest. As 
NH3-N concentration increased in alfalfa (Table 1), lactic acid concentration decreased 
by 21% from first to second harvest, when averaged across treatments (Table 3). 
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The ICx treatment decreased acetic acid concentration over control orchardgrass 
silage by 38 and 45% at the first and second harvest, respectively (Table 4). The same 
treatment decreased acetic acid concentration in alfalfa silage by 37 and 49% at the first 
and third harvest, respectively. A five-fold increase in the cellulase application rate was 
needed to cause a significant decrease in acetic acid concentration over control alfalfa 
silage at the second harvest. Similarly, Sheperd et al. (1995) found decreased acetic acid 
concentration in alfalfa silage treated with a mixture of inoculant, cellulase, and amylase 
with or without addition of pectinase. A ten-fold increase in the cellulase application 
rate decreased acetic acid concentration over ICx-treated alfalfa silage by 22 and 31% at 
the first and second harvest, respectively (Table 4). Likewise, Jaakkola (1990) reported 
decreased acetic acid concentration with increased cellulase application rate to grass 
silage. 
Cellulase applied alone decreased acetic acid concentration in alfalfa silage over that 
in control alfalfa silage by 22, 18, and 26% at the first, second, and third harvest, 
respectively, whereas tiie C5x ti:eatment generally had no effect on acetic acid 
concentration in control orchardgrass silage (Table 4). Averaged across harvests, 
inoculant decreased acetic acid concentration in C5x-treated orchardgrass silage by 38%, 
and the effect was smaller at later harvest dates. Inoculant decreased acetic acid 
concentration in C5x-treated alfalfa silage by an average of 34% at the first and third 
harvest. In agreement with our results, Jones et al. (1992) and Sharp et al. (1994) found 
decreased acetic acid concentration in inoculated alfalfa and ryegrass silage, respectively. 
Conversely, Kung et al. (1991) reported increased acetic acid concentration in 
Table 4. Acetic acid concentration in wilted herbage and silage of orchardgrass and alfalfa harvested at three dates 
averaged across growth cyclesf. 
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat- Orchard- Orchard- Orchard- Orchard- Overall 
mmt:): grass Alfalfa grass Alfalfa grass Alfalfa grass Alfidfa 12 3 mean§ 
g kg ' dry matter 
WH 1.2 1.4 1.1 1.3 1.1 0.9 1.2 1.2 1.3 1.2 1.0 1.2d 
Control 14.6 17.4 11.4 17.3 9.0 16.7 11.7 17.1 16.0 14.4 12.8 14.4a 
ICx 9.1 10.9 6.3 16.4 6.9 8.5 7.4 11.9 10.0 11.4 7.7 9.7b 
ICSx 8.5 9.0 7.9 14.5 7.6 8.1 8.0 10.5 8.8 11.2 7.8 9.3b 
IClOx 8.1 8.5 8.7 11.3 7.9 8.3 8.2 9.3 8.3 10.0 8.1 8.8b 
C5x 15.2 13,5 12.2 14.2 11.4 12.4 12.9 13.4 14.3 13.2 11.9 13.2a 
FAC5X 7.6 5.1 7.1 5.8 5.6 4.4 6.7 5.1 6.4 6.4 5.0 5.9c 
Mean 9.2 9.4 7.8 11.5 7.1 8.5 8.0 9.8* 9.3a1 9.7a 7.8b 
*» **» Significant at F < 0.05, 0.01, 0.001, respectively. 
t Species X harvest, LSD (0.05)=1.5; species X treatment, ""••*, LSD (0.05)=1.4; harvest X treatmrait, *, LSD (0.05)=1.7; species 
X harvest X treatment, **, LSD (0.05)=2.4. 
t Wilted herbage, WH; inoculant+cellulase 2 mL kg'', ICx; inoculant+cellulase 10 mL kg'', ICSx; inoculant+cellu]a8e 20 mL kg'', IClOx; 
cellulase 10 mL kg ', C5x; formic acid 4 mL kg''+cellulase 10 mL kg ', FACSx; bacterial inoculant applied at 10* colony fonning units of 
lactic acid bacteria g'' herbage. 
§ Means with differrait letters in the same column differ significantly at P < 0.05 according to LSD test. 
t Means with different letters in the same row differ significantly at P < 0.05 according to LSD test. 
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cellulase/pectinase-treated alfalfa silage. Averaged across harvests, formic acid addition 
decreased acetic acid concentration in CSx-treated orchardgrass and alfalfa silage by 48 
and 62%, respectively (Table 4). Pectinase had no effect on acetic acid concentration at 
the second harvest (orchardgrass: 8.0 and 7.7 g l^ ' DM; alfalfa: 12.5 and 12.4 g kg'^  
DM for ICSxPy and ICSxPlOy, respectively). Averaged across treatments and harvests, 
alfalfa had a 22% greater acetic acid concentration than orchardgrass (Table 4). 
Averaged across harvests, ICx-treated orchardgrass and alfalfa silage had 125 and 
137% higher lactic:acetic acid ratio, respectively, than control silage (Table S). A ten­
fold increase in the cellulase application rate increased the ratio by 13% in alfalfa but 
decreased the ratio by 16% in orchardgrass. A favorable homolactic fermentation from 
application of mixtures of inoculant, cellulase, hemicellulase, amylase, and pectinase in 
alfalfa silage has also been rqwrted by Tengerdy et al. (1991) and Shqierd et al. (1995). 
Jaakkola (1990) reported a higher lactic:acetic acid ratio in grass silage with increasing 
cellulase. Because CSx-treated orchardgrass silage behaved similarly to the control when 
averaged across harvests, the increased lactic:acetic acid ratio in inoculant+cellulase 
treated orchardgrass silage compared with the control is mostiy due to the effect of 
inoculant (Table 5). This is further confirmed by a 96% higher lactic:acetic acid ratio in 
ICSx than in CSx-treated orchardgrass silage, when averaged across harvests. Averaged 
across harvests, CSx-treated alfalfa silage had 53% higher lactic:acetic acid ratio than the 
control, and inoculant increased the ratio in CSx-treated alfalfa silage by 63%. This 
agrees with results by Jones et al. (1992) and Sharp et al. (1994), who reported a higher 
lactic:acetic acid ratio in inoculated than in control alfalfa and ryegrass silage, 
Table 5. Lactic acid:acetic acid ratio in wilted herbage and silage of orchardgrass and alfalfa harvested at three dates 
averaged across growth cyclesf. 
Haivest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Tieat-
mentt 
Orchard-
grass Alfalfa 
Orchard-
grass Alfalfa 
Orchard-
grass Alfalfa 
Orchard-
grass Alfalfo 1 2 3 
Overall 
mean§ 
WH 0.0 0.2 0.3 0.1 0.1 0.0 0.1 0.1 0.1 0.2 0.0 O.le 
Control 4.7 3.8 5.7 2.2 5.0 3.0 5.1 3.0 4.2 4.0 4.0 4. Id 
ICx 10.4 7.1 12.8 6.4 11.3 7.8 11.5 7.1 8.7 9.6 9.5 9.3a 
IC5x 10.3 8.6 9.7 5.8 10.2 8.2 10.0 7.5 9.4 7.7 9.2 8.8b 
IClOx 10.4 8.9 9.4 7.2 9.3 8.0 9.7 8.0 9.7 8.3 8.7 8.9ab 
C5x 5.7 5.3 5.2 3.6 4.3 4.9 5.1 4.6 5.5 4.4 4.6 4.8c 
FACSx 4.7 3.6 4.4 2.7 4.5 3.0 4.6 3.1 4.2 3.6 3.7 3.8d 
Mean 6.6 5.4 6.8 4.0 6.4 5.0 6.6* 4.8 6.0 5.4 5.7 
•, "•*, Significaiit at P < 0.05, 0.01, 0.001, respectively. 
t Species X harvest, NS; species X treatment, LSD (0.05)=0.7; harvest X treatment, **, LSD (0.05)=0.9; species X harvest x 
treatment, NS. 
t Wilted herbage, WH; inoculant+cellulase 2 mL kg ', ICx; inoculant+cellulase 10 mL kg ', IC5x; inoculant+cellulase 20 mL kg'', IClOx; 
cellulase 10 mL kg ', C5x; formic acid 4 mL kg '+cellulase 10 mL kg ', FACSx; bacterial inoculant applied at 10^ colony forming units of 
lactic acid bacteria g ' herbage. 
§ Means with different letters in the same column differ significantly at P < O.OS according to LSD test. 
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respectively. On the other hand, Kung et al. (1991) found no effect of a 
cellulase/pectinase mixture on alfalfa silage fermentation. Formic acid addition 
decreased the Iactic:acetic acid ratio in C5x-treated alfalfa silage by 33%, when averaged 
across harvests (Table 5). Pectinase had no effect on the lactic:acetic acid ratio at the 
second harvest (orchardgrass: 9.9 and 10.1; alfalfa: 5.9 and 5.9 for IC5xPy and 
IC5xP10y, respectively). 
Averaged across harvests, formic acid concentration decreased by 68 and 75% in 
orchardgrass and alfalfa, respectively, during ensiling (Table 6). Use of silage additives 
increased formic acid concentration in the silage. Addition of formic acid to C5x-treated 
orchardgrass and alfalfa silage increased formic acid concentration by four and ten times, 
respectively, when averaged across harvests. Likewise, Nagel and Broderick (1992) 
found a five times greater formic acid concentration in formic acid treated than in 
control alfalfa silage. The ICx-treated orchardgrass silage had 93% greater formic acid 
concentration, and IC5x-treated alfalfa silage had 117% greater formic acid 
concentration than control silage, with most of the increase due to cellulase (Table 6). 
Pectinase had no effect on formic acid concentration at the second harvest (orchardgrass: 
3.9 and 3.8 g kg"^ DM; alfalfa: 0.7 and 0.8 g kg ' DM for IC5xPy and IC5xP10y, 
respectively). 
Averaged across treatments, orchardgrass had a greater formic acid concentration 
than alfalfa at all three harvests. Formic acid concentration in orchardgrass increased by 
19% from first to second harvest, and formic acid concentration in alfalfa increased by 
32% from second to third harvest (Table 6). 
Table 6. Formic acid concentration in wilted herbage and silage of orchardgrass and alfalfa harvested at three dates 
averaged across growth cyclesf. 
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat- Orchard- Orchard- Orchard- Orchard- Overall 
menti grass Alfalfa grass Alfalfa grass Alfalfii grass Alfalfa 12 3 n]ean§ 
g kg"' dry matter 
WH 4.4 2,0 5.1 2.3 4.5 2.8 4.7 2.4 3.2 3.7 3.6 3.5b 
Control 1.8 0,7 1.7 0.7 1.1 0.5 1.5 0.6 1.2 1.2 0.8 l.le 
ICx 2.8 0.8 3.2 0.6 2.6 0.9 2.9 0.7 1.8 1.9 1.7 1.8d 
IC5x 3.0 0,9 3.6 0.7 3.4 2.3 3.3 1.3 2.0 2.1 2.8 2.3c 
IClOx 2.9 1.0 4.1 0.8 3.4 1.4 3.5 1.0 1.9 2.4 2.4 2.3c 
C5x 2.6 1.1 3.2 1.0 3.0 1.1 2.9 1.1 1.9 2.1 2.0 2.0cd 
FAC5x 12.4 10.5 14.9 11.7 14.0 13.8 13.7 12.0 11.4 13.3 13.9 12.9a 
Mean 4.3 2.4 5.1 2.5 4.6 3.3 4.6** 2.7 3.4bl 3.8a 3.9a 
•, """* Significant at P < 0.05, 0.01, 0.001, respectively. 
t Species X harvest, *, LSD (0.05)=0.6; species X treatment, **, LSD (0.05)=0,5; harvest X treatmoit, •**, LSD (0.05)=0.7; species 
X harvest X treatment, NS. 
I Wilted herbage, WH; inoculant+cellulase 2 mL kg'*, ICx; inoculant+cellulase 10 mL kg'', lC5x; inoculant+cellulase 20 mL kg'*, IClOx; 
cellulase 10 mL kg'*, C5x; formic acid 4 mL kg''+cellulase 10 mL kg'', FACSx; bacterial inoculant applied at 10^ colony forming units of 
lactic acid bacteria g'' herbage. 
§ Means with different letters in the same column differ significantly at P < O.OS according to LSD test. 
t Means with different letters in the same row differ significantly at iP < 0.05 according to LSD test. 
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The ICx treatment increased total acid concentration in control orchardgrass silage 
by 22 and 10% at the first and second harvest, respectively, and by 42% at the third 
harvest (Table 7). In alfalfa, ICx treatment increased total acid concentration over 
control silage by 34% at the second harvest and by 17 and 15% at the first and third 
harvest, respectively. These increases in total acid concentration are similar to the 
increases in lactic acid production in the ICx-treated orchardgrass and alfalfa silages 
(Tables 3 and 7). An increase in cellulase rate generally did not increase total acid 
concentration. When cellulase was applied alone to orchardgrass silage, total acid 
concentration increased by 23 and 15% over control silage at the first and third harvest, 
respectively. Also, C5x-treated alfalfa silage had 14, 24, and 15% greater total acid 
concentration than control silage at the first, second, and third harvest, respectively. 
Similarly, Jaakkola (1990) reported increased total acid concentration in cellulase- and 
hemicellulase-treated grass silage with or without addition of glucose oxidase. 
Inoculant increased total acid concentration in C5x-treated alfalfa silage at the 
second harvest (16%), and in C5x-treated orchardgrass silage at the third harvest (23%; 
Table 7). Formic acid restricted total fermentation and decreased total acid 
concentration in C5x-treated orchardgrass silage by 42% at the first harvest and by 34 
and 35% at the last two harvests. When formic acid was added to C5x-treated alfalfa 
silage, total acid concentration decreased by 46, 40, and 50% at the first, second, and 
third harvest, respectively. Restricted fermentation products in grass and alfalfa silage 
by formic acid has been r^rted by others (Jaakkola, 1990; Nagel and Broderick, 
1992). Pectinase had no effect on total acid concentration at the second harvest 
Table 7. Total acid concentration in wilted heit)age and silage of orchardgrass and alfalfa harvested at three dates 
averaged across growth cyclesf. 
Harvest 1 Harvest 2 Harvest 3 Species mean Harvest mean 
Treat- Orchard- Orchard- Orchard- Orchard- Overall 
mentt grass Alfalfa grass Alfalfa grass Alfalfa grass Alfalfa 1 2 3 meanS 
g kg"' dry matter 
WH 11.9 23.9 11.6 23.8 12.2 17.8 11.9 21.8 17.9 17.7 15.0 16.9e 
Control 8S.3 8S.1 84.4 66.5 62.1 74.4 77.3 75.4 85.2 75.5 68.3 76.3c 
ICx 104.4 99.6 92.S 89.0 88.0 85.3 95.0 91.3 102.0 90.8 86.7 93.1a 
ICSx 98.9 100.9 90.9 9S.3 88.2 88.0 92.7 94.8 99.9 93.1 88.1 93.78 
IClOx 94.9 100.3 93.7 96.5 89.6 87.6 92.7 94.8 97.6 95.1 88.6 93.7a 
CSx 104.8 97.4 87.6 82.S 71.5 85.7 88.0 88.5 101.1 85.0 78.6 88.2b 
FACSx 60.S S2.6 S7.4 49.2 46.6 42.8 54.9 48.2 56.6 53.3 44.7 Sl.Sd 
Mean 80.1 80.0 74.0 71.8 6S.5 68.8 73.2 73.S 80.0al 72.9b 67.1c 
*•** Significant atP < 0.001. 
t Species X harvest, NS; species X treatment, ***, LSD (0.05)=3.9; harvest X treatmoit, *•*, LSD (0.05)=4.7; species X harvest X 
treatment, LSD (0.05)=6.7. 
it: Wilted herbage, WH; inoculant+cellulase 2 mL kg'', ICx; inoculant+cellulase 10 mL kg'', ICSx; inoculant+cellulase 20 mL kg'', IClOx; 
cellulase 10 mL kg'', CSx; formic acid 4 mL kg''+cellulase 10 mL kg ', FACSx; bacterial inoculant applied at lO' colony fonning units of 
lactic acid bacteria g*' herbage. 
§ Means with different letters in the same column differ significantly at P < O.OS according to LSD test. 
t Means with differoit letters in the same row differ significantly a X P  <  O.OS according to LSD test. 
(orchardgiass: 94.4 and 92.4 g kg'^  DM; alfalfa: 96.3 and 91.5 g 1^ ' DM for ICSxPy 
and ICSxPlOy, respectively; Table 7). Averaged across treatments and species, total 
acid concentration decreased by 16% during the course of harvests. 
CONCLUSIONS 
Control silage was fairly well preserved with regard to its lactic:acetic acid ratio, 
especially control orchardgrass. Use of additives further improved the fermentation 
characteristics of the silage. Cellulase (minimum carboxymethylcellulose activity: 2500 
lU mL"') at 2 mL kg"' combined with inoculant decreased pH, NH3-N, and acetic acid 
concentrations but increased lactic and total acid concentiations in both species. The 
treatment had a greater effect on NH3-N and acetic acid concentration but a smaller 
effect on lactic acid concentration in orchardgrass than in alfalfa silage. Addition of 
cellulase alone decreased pH, NH3-N, and acetic acid concentrations but increased lactic 
and total acid concentrations in alfalfa silage. Addition of inoculant to cellulase-treated 
alfalfa silage resulted in further improvements in silage fermentation. The improved 
fermentation in cellulase+inoculant treated orchardgrass silage was mostly related to the 
effect of inoculant, with decreased pH, NH3-N, and acetic acid concentration but 
increased lactic and total acid (Harvest 3) concentrations. Cellulase alone, however, 
only decreased pH and increased lactic (Harvest 1) and total acid concentrations in 
orchardgrass silage. Formic acid restricted NHj-N, lactic, acetic, and total acid 
production in cellulase-treated silage, with greater effects on fermentation products in 
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alfalfa than in orchardgrass silage. There were generally no effects of increased 
cellulase on the fermentation products. Thus, cdlulase applied at 2 mL kg*' herbage 
supplied enough sugar to improve silage fermentation. Addition of inoculant to 
cellulase-treated orchardgrass silage, however, is essential to improve homolactic 
fermentation. The low NH3-N and acetic acid concentrations and the high lactic acid 
concentration in cellulase+inoculant treated silage can result in increased dry-matter 
intake of the silages (WiUdns et al., 1971). 
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CHAPTER 5. INTAKE, DIGESTIBILITY, AND COMPOSITION OF 
ORCHARDGRASS AND ALFALFA SILAGES TREATED 
WITH ENZYME, INOCULANT, AND FORMIC ACID* 
A paper to be submitted to the Journal of Dairy Science 
E. M. G. Nadeau^, J. R. Russell^, and D. R. Buxton^ 
ABSTRACT 
The objectives of this study were to determine the effect of a cellulase (from 
Trichodenm longibrachiatum) alone, or combined with a bacterial inoculant 
{Lactobacillus plantarum and Pediococcits cerevisiae) or formic acid, on composition, 
intake, and digestibility of orchardgrass (Dactylis glomerata L.) and alfalfa (Medicago 
sativa L) silages. Forages were ensiled in 100 L sealed barrels for at least 60 d before 
being fed to lambs. Enzyme treatment decreased pH, NH3-N, and acetic acid 
concentrations in both plant species and increased lactic acid concentration over control 
alfalfa silage by 18%. Fermentation characteristics of enzyme-treated silage was further 
'Joint contribution of the Field Crops Research Unit and U. S. Dairy Forage 
Research Center of USDA-ARS, and Iowa State University. Journal Paper Number 
of the Iowa Agriculture and Home Economics Experiment Station, Ames, lA. 
Project Number 2709. 
^Department of Agronomy, Iowa State University. 
^Dq>artment of Animal Science, Iowa State University. 
''Request r^rints from D. R. Buxton, USDA-ARS, 1577 Agronomy Hall, Iowa 
State University, Ames, lA 50011. Names are necessary to report factually on available 
data; however, the USDA neither guarantees nor warrants the standard of Ae product, 
and the use of the name by USDA implies no approval of the product to the exclusion of 
others that may also be suitable. 
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enhanced by use of inoculant. Formic acid addition increased reducing sugar 
concentration in enzyme-treated orchardgrass andalfalfa silage by 90 and 154%, 
reflectively, and decreased NH3-N concentration of enzyme-treated alfalfa silage by 
19%. Averaged across plant species, enzyme, combined with inoculant or formic acid, 
had an 8 and 13% greater DMI than the untreated control, with most of the effect from 
formic acid in enzyme-l-formic acid treated silage. Extensive enzymatic cell-wall 
degradation during ensiling decreased NDF intake of enzyme-treated orchardgrass silage 
by 25%, and decreased cellulose intake of both plant species, with a greater effect in 
orchardgrass than in alfalfa. Formic acid increased NDF intake of enzyme-treated 
orchardgrass silage by 19%. Enzyme decreased NDF digestibility of orchardgrass and 
alfalfa silage by 15 and 25%. Greater sugar and lower acetic acid, NHj-N, and cell-wall 
concentrations resulted in greater DNO of the silage, when enzyme was combined with 
formic acid or inoculant. (Key words: silage, enzyme, intake, digestibility). 
Abbreviation key: ADL = acid detergent lignin; IVDDM = in-vitro digestible DM; 
LAB = lactic acid bacteria. 
INTRODUCTION 
Forage intake and digestibility are influenced botii by forage nutritive value and 
animal characteristics. When feeding high-quality forage, the energy demand of the 
animal is usually most limiting to intake, whereas rumen fill normally limits intake of 
low-energy forage (Mertens, 1994). It is, therefore, important to use animals with 
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potential for high energy intake, such as young, growing lambs, cattle, or dairy cows in 
early lactation, when feeding high-quality forage, to rasure that fill and not energy 
demand limits intake. The often stated relationship that "increased digestibility results in 
increased intake" is modified by residence time of forage in the rumen (Thornton and 
Minson, 1973). Thornton and Minson (1973) suggested that the greater intake of 
legumes than of grasses at equal digestibilities is related to the shorter retention time for 
legumes than for grasses. The short rumen retention time at high intake can decrease 
the apparent digestibility of DM and NDF (Staples et al., 1984). Lower intake of direct-
cut than of wilted forage can be explained partly by differences in rumen retention times 
of the forages. Wet forage is swallowed before it has been properly chewed and, 
therefore, requires more degradation during rumination, resides longer in the rumen and, 
hence, results in reduced intake (Minson, 1990). Intake by animals has a greater effect 
on animal performance than digestibility. Buxton and Mertens (1995) concluded that 65-
75% of the variation in energy intake can be related to DM intake and only 20-30% to 
differences in digestibility. 
Silage fermentation products influence intake. Voluntary intake is positively 
correlated with lactic acid as a percentage of total acid production, but negatively 
conelated with acetic acid concentration and ammonia as a percentage of total N, and 
the effect is greater in grasses than in legumes (Wilkins et al., 1971). Silage 
fermentation and, consequently, intake can be improved by use of silage additives. 
When sufficient soluble sugars are available in the crop, lactic-acid-bacteria (LAB)-
containing inoculants encourage early lactic acid production and increased rate of pH 
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decline (Bolsen et al., 1992; Jones et al., 1992). Whm soluble sugars are limited in the 
crop, silage fermentation can be improved by use of cell-wall degrading enzymes alone 
or in combination with LAB (Jaakkola et al., 1991; Tengerdy et al., 1991; Sheperd et 
al., 1995). Formic acid restricts silage fermentation and, consequentiy, preserves the 
sugars already present in tiie plant or released from enzymatic ceU-wall hydrolysis 
(Russell, 1985; Jaakkola et al., 1991). 
Other research by us (Chapter 6) has shown greater total DM and cell-wall 
disappearances during early hours of ruminal fermentation in enzyme+formic acid 
treated than in control silage, with a greater effect in orchardgrass (Dactylis glomerata 
L.) than in alfalfa {Medicago sativa L.). These effects can improve silage DMI, 
especially in orchardgrass, which has a longer rumen retention time than alfalfa. The 
greater early digestion is of special importance when the silage is fed to high producing 
ruminants, where a short retention time can limit forage digestion. 
Numerous publications have presented tiie effects of enzyme, inoculant, or formic 
acid treatment on intake and apparent digestibility of grass silage (Jaakkola 1990; 
Jaakkola et al., 1991; Jacobs et al., 1991; Jacobs et al., 1992; Martinsson, 1992; Sharp 
et al., 1994), whereas only limited information is available on the effect of enzyme 
treatment on the feeding value of alfalfa silage (Jaster and Moore 1988). Furthermore, 
there are only a few direct comparisons of enzyme, inoculant, and formic acid effects on 
plant species and their effects on silage intake and digestibility. This experiment was 
conducted to study the effect of enzyme alone, or combined with a bacterial inoculant or 
formic acid, on composition, intake, and digestibility of orchardgrass and alfalfa silages. 
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MATERIALS AND METHODS 
Hant Material and Fnsiling 
Orchardgrass and alfalfa were grown in adjoining plots at the Agronomy and 
Agricultural Engineering Research Center of Iowa State University near Ames, lA. The 
soil was a Webster (Typic Haplaquolls) fertilized with 73 kg K and 38 kg P per ha 
during the spring of 1993. Orchardgrass was fertilized with 114 1^ N per ha on April 
23, 1993, and was harvested for silage on June 6, 1993 at the early heading stage of 
maturity. Alfalfa was harvested for silage on June 9, 1993 at the early bloom stage of 
maturity. Forages were mowed, wilted in windrows, and chopped with a forage 
chopper. For treatment application, the wilted forage was spread evenly on plastic 
sheets, aqueous solutions of the treatments were applied with sprinkler water cans, and 
the forage was mixed well. Treatments included enzyme alone or combined with a 
bacterial inoculant or formic acid. The enzyme was a liquid cellulase with some 
hemicellulolytic activity (Multifect™ CL, Genencor International, Rochester, NY), 
derived from Trichoderma longibracfuatum, and had a minimum carboxymethylcellulose 
activity of 2,500 lU/ml. Application rates of enzyme and formic acid (88%) were 10 
ml/kg and 4 ml/1% of wilted herbage, respectively. Bacterial inoculant (Biomate* SI 
Forage Inoculant, Chr. Hansen's Biosystems, Milwaukee, WI) contained Lactobacillus 
plantarum and Pediococcus cerevisiae. A water solution of the inoculant was applied at 
10^ cfii of LAB/g wilted herbage. Water was added to the control treatment as well as 
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to treated silage so that a total of 4% liquid was added to the wilted herbage weight for 
each treatment. Forages were ensiled in polyethylene bags within 100 L sealed barrels 
for at least 60 d at room temperature. Eight barrels per treatment of each plant species 
were prepared to ensure adequate silage for the feeding trial. 
In Vivo Digestibility Trial 
Eight lambs, with an average weight of 23 1^ and 16 wk of age at the beginning of 
the trial, were placed in individual cages, which were equipped with a water nipple and 
meshed rubber floor to let feces fall through onto the net underneath the f oor. Four 
lambs were assigned to orchardgrass silages and four were assigned to alfalfa in two 4 x 
4 Latin square designs with 3-wk periods. Each period consisted of one 1-wk 
preliminary phase, when feed, orts, and waste were weighed, and two 1-wk collection 
phases, when feed, orts, waste, and feces were weighed and sampled. Lambs were fed 
silage twice daily (8:30 and 20:30) and orts, waste, and feces were collected before each 
feeding. During the collection phases, ISO-g subsamples of feed and feces and all of the 
orts and waste were composited for each collection week and lamb. In vivo digestibility 
was determined at ad libitum intake during the first collection phase and at a restricted 
intake of 18 g/1^ BW per d during the second collection phase to study the effect of rate 
of passage on digestibility. Intake was measured during the preliminary phase and 
during the first collection phase, when the lambs were fed at 10% above their ad libitum 
intake. To avoid carry over effects between treatments, the lambs were placed in a pen 
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and fed excess amounts of untreated silage for one week before each 3-wk period. 
During feedout, a composited subsample of silage was taken from two of the eight 
barrels within each treatment and plant species to obtain four rq>licates per treatment for 
analysis of the chemical composition of the silages. All samples from the digestion trial 
were kept frozen at -20''C until they were pr^Kired for chemical analyses. 
Chemical Analyses 
A 100-g subsample from each sample of unfed silage and wilted herbage was freeze 
dried before being ground in a UDY cyclone mill (UDY Corporation, Fort Collins, CO) 
to pass a 1-mm screen, and a second 100-g subsample was extracted with 100 ml of 
deionized water and squeezed through one layer of cheese cloth. Analyses of DM, in-
vitro digestible DM (IVDDM), with the NC-64 direct acidification procedure (Marten 
and Barnes, 1980), NDF, ADF, and acid detergent lignin (ADL) (Goering and Van 
Soest, 1970) were conducted on the freeze-dried samples. The DM concentration was 
determined by weighing the samples before and after freeze drying. Concentrations of 
NDF, ADF, and ADL were determined sequentially with an a-amylase (Sigma Chemical 
Co, St. Louis, MO, No. A-6814) addition to the NDF procedure (Van Soest and 
Robertson, 1980). Hemicellulose concentration was calculated as the difference between 
NDF and ADF concentrations, and cellulose concentration was calculated as the 
difference between ADF and the sum of ADL-plus-ash concentrations. Crude protein 
concentration was determined on non-dried samples by using the macro-Kjeldahl 
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technique with a Tecator 1015 digestion block (Tecator AB, Hoganas, Sweden). 
Digested samples were analyzed for total-N concoitration according to the QuikChem 
Method No. 1S-107-06-2-B with a salicylate-nitroprusside color reagent, by using an 
automated ion analyzer (QuikChem AE, Lachat Instruments, Milwaukee, WI). 
Herbage and silage pH were determined with a glass electrode on fresh plant 
extracts before the extracts were frozen for later analyses of NHj-N, reducing sugar, and 
organic acid concentrations. Plant extracts were centrifiiged at 11,200 x ^ at 5°C for 
10 min before analysis. Concentration of NH3-N was determined according to the 
QuikChem Method No. 26-107-06-2-B with a salicylate-nitroprusside color reagent, by 
using the same automated ion analyzer as for the total-N determination. Reducing sugar 
concentration was determined with a colorimetric method (Nelson, 1944; Somogyi, 
194S). Absorbance was measured spectrophotometrically (Ultrospec 4050, LKB 
Biochrom Ltd., Cambridge, England) at 660 nm and related to a glucose standard curve 
for calculation of reducing sugar concentration. Also, invertase was added to some 
samples to detect the presence of sucrose. There was no detectable sucrose in the 
samples. Concentrations of organic acids were determined by gas chromatography 
(model 5890 GC, HP3396 Series n integrater, HP 7673A auto sampler, Hewlett-Packard 
Co., Wilmington, DE) of butyl esters, which were prepared as described by Salanitro 
and Muirhead (1975). Heptanoate was used as an internal standard and the butyl esters 
were separated on a HP5 10 m x 530 ftm glass column coated with 5% phenylmethyl 
silica (Hewlett-Packard Co., Wilmington, DE), using a flame ionization detector and 
nitrogen as a carrier gas, with a flow rate of 6.3 ml/min. Injection port temperature was 
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180°C and the detector temperature was IIQ^C. The oven temperatures were as 
follows: SO°C for 30 s, followed by an 8°C/min increase to 100°C, and a 30°C/min 
increase to a final temperature of 180°C. 
To determine DMI and digestibility of the silages, 300-g subsamples of feed, orts, 
waste, and feces were dried in air-forced driers (Siemens-AlUs, New Orleans, LA) at 
6S°C for 48 h. Dried samples were ground in a UDY cyclone mill to pass a 1-mm 
screen before sequential fiber analysis was conducted on the samples as described. 
Concentrations of NDF, hemicellulose, and cellulose of feed, orts, waste, and feces were 
used to calculate intakes and digestibilities of these fiber components in the silages. 
Statistical Designs 
Silage quality data were analyzed via analysis of variance for a split-plot design by 
using the general linear model procedure (PROG GLM) of SAS (1985). Plant species 
were treated as the whole plot, and forage treatment, including wilted herbage and the 
four silage treatments, was treated as the subplot. The four replicates, each composited 
from two barrels, were nested within plant species and treatment. Significant F-tests at 
the .10 (t), .05 (•), .01 (**), and .001 (•**) levels of probability are rqwrted. When a 
significant F-value was detected, least significant difference (LSD) at P < .10 or P < 
.05 was used to determine significant variation among treatment means and in the plant 
species x treatment interaction (Cochran and Cox, 1957). 
Intake and digestibility data for orchardgrass and alfalfa were analyzed via analysis 
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of variance for two 4x4 Latin square designs by using the general linear model 
procedure (PRCX^ GLM) of SAS (1985). Lamb, period, and treatment were used as 
main effects within plant species. Because there was no significant plant species x 
treatment interaction in the combined analysis of the two 4x4 Latin square designs, 
treatment effects across plant species and plant species effects across treatments were 
analyzed. Significant F-tests at the .10 (t), .05 (*), .01 (•*), and .001 (•••) levels of 
probability are reported. When a significant F-value was detected, LSD at P < .10 or 
P < .05 was used to determine significant variation among means in the main effect of 
treatment for the two 4x4 Latin square designs and in the combined analysis across 
plant species (Cochran and Cox, 1957). 
RESULTS AND DISCUSSION 
Silage Composition 
Because of better weather conditions during field drying, wilted alfalfa had 47% 
greater DM concentration than wilted orchardgrass at ensiling (Table 1). Ensiling 
resulted in a significant DM decrease in alfalfa but not in orchardgrass. Treated 
orchardgrass silages averaged 7% greater DM concentration than control silage, and 
enzyme+formic acid treated alfalfa silage had 5% greater DM concentration than the 
control. Control silages had 5 and 3% lower IVDDM than wilted orchardgrass and 
alfalfa, respectively (Table 1). Treated orchardgrass silages had similar IVDDM as 
TABLE 1. Dry-matter, in-vitro digestible dry matter (IVDDM), CP, NH3-N, NDF, cellulose, hemicellulose, 
acid detergent Ugnin (ADL), and reducing (Red.) sugar concentrations in wilted herbage and silage of 
orchardgrass and alfalfa. 
Species X 
Treatment Treatmrait treatment 
Chemical component/ Wilted En^me+ En:^nie+ Signi- Signi-
Species Herbage Control En^me inoculant formic acid Mean ficance ficance LSDjb5 
DM, g/kg 
Orchardgrass 272 264 283 283 285 277 ••• 12 
Alfalfa 401 362 371 371 380 377#»» 
Mean 337. 313" 327'' 327'" 332^ 
IVDDM, g/kg 
Orchardgrass 685 651 649 650 657 658 t 10 
Alfalfa 699 680 679 687 696 688*** 
Mean 692' 665<' 664« 668° 677" *** 
CP, g/kg DM 
Orchardgrass 166 170 168 159 163 165 NS 
Alfalfa 239 257 242 235 239 242*»» 
Mean 203"= 214* 205" 197= 201"= ** 
NHj-N, g/kg total N 
Orchardgrass 50 146 120 126 126 114 *** 12 
Alfalfa 40 188 160 155 129 135** 
Mean 45"* 167* 140" 141" 127= *** 
NDF, g/kg DM 
Orchardgrass 569 539 444 419 All 479*** 40 
Alfalfa 411 432 369 376 374 392 
Mean 490* 485' 407'' 397*' 400*-
Cellulose, g/kg DM 
Orchardgrass 313 306 211 201 220 250 • 35 
Alfolfa 255 276 224 231 232 244 
Mean 284* 291* 218'> 216'' 226'' 
Hemicellulose, g/kg DM 
Orchardgrass 209 202 184 184 167 189*** NS 
Alfalfa 86 81 60 58 64 70 
Mean 148* 141"' 122'" 121' 115" t 
ADL, g/kg DM 
Orchardgrass 41 30 25 34 33 33 NS 
Alfalfa 68 73 84 82 73 76*** 
Mean 55 51 54 58 53 NS 
Red. sugar, g/kg DM 
Orchardgrass 69 8 69 74 131 70*** *** 10 
Alfolfe 62 0 28 33 71 39 
Mean 66" 4' 48« 53" 101* 
tP < .10, LSD.,0 used. 
*P < .05. 
< .01. 
**»/» < .001. 
'•'^ '^ Means in the same row with differoit superscripts differ {P < .05, P < .10). 
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control silage, whereas enzyme+formic acid treated alfalfa silage had a 2% greater 
IVDDM than the control. This increase was caused by formic acid because there was no 
effect of the enzyme applied alone. Similar to our data, Kung et al. (1991) found 
generally no effect of cellulase or inoculant on IVDDM in alfalfa silage, whereas Russell 
(198S) reported improved IVDDM in cellulase and formic acid treated com (Z^a mays 
L.) stover sik^e. Control silage had a greater CP concentration (total N x 6.25) than 
wilted herbage or treated silages, when averaged across plant species (Table 1). 
However, a greater portion of total N in control silage was in the form of NHj-N 
compared with wilted herbage or treated silages. 
Enzyme decreased NDF concentration by 20% in orchardgrass and by 14% in 
alfalfa compared with the controls, with no additional effects by inoculant or formic acid 
on NDF concentration (Table 1). Fiber degradation in grass and legume silages by 
enzymes has been reported by many researchers (Jaakkola, 1990; Selmer-Olsen et al., 
1993; Sh^rd et al., 1995). Enzyme degraded 25% of the cellulose and 13% of the 
hemicellulose, when averaged across plant species. Enzymatic hydrolysis of cellulose 
was 63% greater in orchardgrass than in alfalfa (31 vs. 19% hydrolysis). Less cell-wall 
degradation in alfalfa is likely related to the 130% greater lignin concentration in alfalfa 
than in orchardgrass, when averaged across treatments. Greater cellulose degradation in 
cellulase-treated grass than in alfalfa silage has also been reported by Henderson et al. 
(1982). 
Silage fermentation depleted reducing sugars in control alfalfa silage and left only 
traces of sugars in control orchardgrass silage (Table 1). There were sufficient 
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fermentable sugars in wilted orchardgrass, as indicated by similar lactic acid 
concentrations between enzyme-treated and control silage (Table 2). Alfalfa, however, 
had insufficient sugars before ensiling for a homolactic fermentation to occur, and 
addition of enzyme, consequently, stimulated lactic acid production. Because of a 
greater cell-wall degradation and sufficient sugar available for homolactic fermentation in 
control orchardgrass, enzyme-treated orchardgrass silage had about twice as much sugar 
as enzyme-treated alfalfa silage (Table 1). Enzyme hydrolysis of cell walls to soluble 
sugars supplied as much sugar as was fermented during ensiling of orchardgrass. Since 
formic acid inhibits silage fermentation, and, consequently, preserves sugars, sugar 
concentration of enzyme-l-formic acid treated orchardgrass silage was nearly twice as 
great as for wilted herbage and the other enzyme treatments. Less fiber degradation in 
alfalfa than in orchardgrass and an increased lactic acid production when enzyme was 
used resulted in a 55% lower sugar concentration in enzyme-treated alfalfa silage than in 
wilted herbage. When formic acid was added to the enzyme, sugar concentration of 
alfalfa silage increased to a level similar to that of wilted herbage. These results agree 
with data by Russell (1985), and confirm that the increased sugar concentration in 
enzyme+formic acid treated silage had no inhibitory effect on cell-wall degradation, as 
shown by similar fiber degradations between enzyme and enzyme+formic acid treated 
silage. 
There were differences between plant species; orchardgrass had 22% greater NDF, 
170% greater hemicellulose, and 79% greater sugar concentration, but 26% lower DM, 
4% lower IVDDM, 32% lower CP, 16% lower NH3-N, and 57% lower ADL 
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concentration than alfalfa, when averaged across treatments (Table 1). 
Silage Fermentatioii Products 
Extensive proteolysis ocurred during ensiling, which is shown by nearly two and 
four times greater NH3-N concentrations in control silages than in wilted orchardgrass 
and alfalfa, respectively (Table 1). Enzyme-treated orchardgrass silage had an 18% 
lower NH3-N concentration than the control. Enzyme decreased NH3-N concentration of 
control alfalfa silage by 15% and formic acid decreased NHj-N concentration of enzyme-
treated alfalfa silage by 19%. Others have shown some (Jaakkola, 1990; Jaakkola et al., 
1991; Selmer-Olsen et al., 1993) or no (Jacobs and McAllan, 1991; Jacobs et al., 1991) 
decrease of NH3-N concentration in enzyme-treated grass silage, when combinations of 
cellulase, hemicellulase, and glucose oxidase have been used. Different from our 
results, Kung et al. (1991) found no effect of cellulase or a cellulase/pectinase mixture 
on NH3-N concenbation in alfalfa silage. Fairbaim et al. (1992) and Nagel and 
Broderick (1992) found, however, a decreased NH3-N concentration in formic acid 
treated alfalfa silage. 
Because of a greater lactic acid concentration, pH of orchardgrass silage was lower 
than that of alfalfa silage. Orchardgrass silage had lower acetic acid concentration and, 
consequentiy, a higher lactic:acetic acid ratio than alfalfa silage within treatments (Table 
2). Bizyme decreased pH of control silage in both species. Addition of inoculant or 
formic acid caused a further pH decline of enzyme-treated alfalfa silage, whereas 
TABLE 2. pH, lactic acidracetic acid ratio, and organic acid concentrations in wilted herbage and silage of 
orchardgrass and alfalfa. 
Treatment 
Species X 
Treatment treatmrat 
Chemical componoit/ 
Species 
Wilted 
Herbage Control Enzyme 
En2yme+ 
inoculant 
Enzynie+ 
formic acid Mean 
Signi- Signi­
ficance ficance LSD^ 
pH 
Orchardgrass 6.43 4.42 4.12 4.11 4.13 4.64 *** .04 
Alfalfa 5.51 4.83 4.34 4.29 4.28 4.65 
Mean S.9T 4.63" 4.23" 4.20'' 4.21"' 
Lactic acid, g/kg DM 
Orchardgrass .0 84.9 87.9 86.7 53.7 62.5*** ** 5.8 
Alfalfa .0 65.5 77.4 16.2 39.9 51.6 
Mean .0* 75.2'' 82.6* 81.5* 46.8" *** 
Acetic acid, g/kg DM 
Orchardgrass 1.5 22.1 17.8 16.5 11.4 13.9 *** 1.5 
Alfalfa .4 32.0 23.6 19.8 12.4 17.7*** 
Mean 1.0° 27.1* 2Q.T 18.2' 11.9^ *** 
Lactic acid-.acetic acid 
Orchardgrass .0 3.9 4.9 5.3 4.7 3.7*** *** .4 
Alfalfa .3 2.0 3.3 3.8 3.2 2.5 
Mean .l-* 3.0® 4.1" 4.6* 4.0" 
Propionic acid, g/kg DM 
Orchardgrass .00 .17 .00 .00 .00 .03 *** .11 
Alfalfa .00 .78 .00 .00 
Mean .00" .47* .00" .00" 
Butyric acid, g/kg DM 
Orchardgrass .20 .08 .00 .07 
Alfalfa .00 .00 .00 .00 
Mean .10 .04 .00 .03 
Succinic acid, g/kg DM 
Orchardgrass 4.7 15.8 12.6 11.7 
Alfalfa 3.3 8.7 7.5 7.0 
Mean 4.0  ^ 12.2' 10.0" 9.3" 
Formic acid, g/kg DM 
Orchardgrass 4.6 .4 1.3 1.5 
Alfalfa 2.9 .3 .6 .7 
Mean 3.7" .3® 1.0= 1.1= 
Valeric acid, g/kg DM 
Orchardgrass .84 1.11 .96 .90 
Alfalfa .56 .79 .68 .64 
Mean .70= .95' .SZ" .77'' 
tP < .10 
*P < .05 
**P < .01 
***P < .001. 
•.^ cA<>Means in the same row with different superscripts differ (P < .05). 
.00 
.00" 
.15»* 
.00 .07t NS 
.00 .00 
.00 NS 
5.8 10.1*»* »*• 1.0 
3.2 5.9 
4.5a 
14.1 4.4** •* 1.2 
10.6 3.0 
12.4* **• 
.90 .94*** NS 
.61 .66 
.76"® *»* 
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Total acids, g/kg DM 
Orchardgrass 17.1 126.1 123.0 120.1 88.0 94.9** *** 6.3 
Alfalfa 26.3 110.4 113.3 110.6 73.3 86.8 
Mean 21.7° 118.2* 118.1* 115.3* 80.7" 
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inoculant or formic acid had no effect on pH in orchardgrass silage. Enzyme alone 
increased lactic acid concentration of control alfalfa silage by 18% with no additional 
increase by the inoculant. The already high lactic acid concentration in control 
orchardgrass silage was not increased by use of enzyme and inoculant. Enzyme 
combined with formic acid had a significantly lower lactic acid concentration than other 
silages of both plant species. Formic acid decreased lactic acid concentration of enzyme-
treated orchardgrass and alfalfa silage by 39 and 48%, respectively. 
Enzyme decreased acetic acid concentration in control orchardgrass and alfalfa 
silage, by 19 and 26%, respectively (Table 2). Inoculant decreased acetic acid 
concentration of enzyme-treated alfalfa silage by 16%, but inoculant had no effect on 
acetic acid concentration in orchardgrass silage. Formic acid decreased acetic acid 
concentration most, with 36 and 47% lower acetic acid concentration than enzyme-
treated orchardgrass and alfalfa silage, respectively. 
Alfalfa control silage had a low lactic:acetic acid ratio but, as in orchardgrass, was 
increased by addition of enzyme (Table 2). Enzyme-treated silage had 26 and 65% 
higher lactic:acetic acid ratio than control orchardgrass and alfalfa silage, respectively. 
In agreement with our results, Jaakkola (1990) and Jaakkola et al. (1991) found 
improved homolactic fermentation of cellulase- and hemicellulase-treated grass silage, 
with or without addition of glucose oxidase, whereas others have reported little or no 
effect of combinations of these three enzymes on grass silage fermentation (Jacobs and 
McAllan, 1991; Jacobs et al., 1991). On the other hand, Kung et al. (1991) reported 
increased acetic acid production in alfalfa silage treated with a cellulase/pectinase 
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mixture, and Tengerdy et al. (1991) found variable effects of cellulase and a 
henucellulase/pectinase mixture on silage fermentation. Inoculant increased the 
lactic'.acetic acid ratio of enzyme-treated orchardgrass and alfalfa silage by 8 and 15%, 
respectively. These findings agree with results from Jones et al. (1992), who reported 
improved homolactic fermentation in inoculated alfalfa silage after 60 d of ensiling. 
Additionally, Kung et al. (1991) and Bolsen et al. (1992) found increased lactic acid 
production in inoculated alfalfa silage during the first days of ensiling, but they found no 
effect of inoculant on final silage fermentation. 
There were usually only traces of organic acids in wilted herbage of the plant 
species, except for succinic, formic, phenylacetic, fumaric, and acetic acid (Table 2). 
Trace amounts of propionic acid were present in control silage of both species with 
nearly four times greater amounts in alfalfa than in orchardgrass. Succinic acid 
concentration was about two times greater in control silage than in wilted herbage of 
both plant species. Enzyme decreased succinic acid concentration by 20 and 14% 
compared with control orchardgrass and alfalfa silage, respectively. Formic acid 
decreased succinic acid concentration of enzyme-treated orchardgrass and alfalfa silage 
by 54 and 57%, respectively, to a level close to that of wilted herbage. Orchardgrass 
had a significanUy greater succinic acid concentration than alfalfa both within and across 
treatments. Formic acid concentration in wilted herbage of orchardgrass and alfalfa 
decreased significantly during ensiling, except for the enzyme-l-formic acid treated 
silage, which had two and nearly three times greater formic acid concentration than 
wilted orchardgrass and alfalfa, respectively (Table 2). Similarly, Nagel and Broderick 
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(1992) found five times greater formic acid concentration in formic acid treated than in 
control alfalfa silage. Formic acid concoitration was 32% greater in orchardgrass than 
in alfalfa, when averaged across treatments. Concentrations of phenylacetic acid and 
fumaric acid decreased during ensiling and were greater in alfalfa than in orchardgrass, 
when averaged across treatments (Table 2). Also, alfalfa generally had a greater 
phenylacetic acid concentration than orchardgrass within treatments. Use of enzyme 
increased phenylacetic acid concentration three times compared with control alfalfa 
silage, and inoculant or formic acid increased phenylacetic acid concentration of enzyme-
treated alfalfa silage by two times. 
Total acid production during ensiling was greater in orchardgrass than in alfalfa, 
with six and three times greater acid concentration in control silage than in wilted 
orchardgrass and alfalfa, respectively. Averaged across treatments, orchardgrass had a 
9% greater total acid concentration than alfalfa. Enzyme alone and combined with 
inoculant had similar total acid concentration as control silage in both plant species. 
Addition of formic acid decreased total acid concentration in enzyme-treated 
orchardgrass and alfalfa silage by 28 and 35%, respectively. The inhibitory effect of 
formic acid on silage fermentation has been reported extensively (Jaakkola, 1990; 
Jaaldcola et al., 1991; Nagel and Broderick, 1992; Selmer-Olsen et al., 1993). 
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Diy-Matter and Cell-Wall Intake 
Bizyme increased digestible DMI of control alfalfa silage by 7%, but the enzyme 
had no effect on digestible DMI of orchardgrass silage (Table 3). Averaged across plant 
species, enzyme combined with inoculant or formic acid caused an 8 and 13% increase 
of total DMI over control silage. Addition of formic acid to enzyme-treated silage 
increased total and digestible DMI by 7 and 8%, respectively. Some researchers 
(Chamberlain and Robertson, 1992; Fredeen and McQueen, 1993) indicated increased 
DMI, whereas others found no effect on DMI of enzyme-treated silage (Jaster and 
Moore, 1988; Jacobs et al., 1992). Different results from these experiments can dq)end 
on different enzyme combinations used, and whether LAB was added or not. In 
agreement with our results, Jacobs et al. (1991) and Smith et al. (1993) found increased 
DMI of formic acid treated silage. Likewise, Sharp et al. (1994) reported increased 
DMI of inoculated grass silage. 
Because of extensive NDF degradation by enzyme during ensiling, enzyme-treated 
orchardgrass silage had 2S and 38% lower total and digestible NDF intake, respectively, 
than control silage (Table 3). When formic acid was added to enzyme-treated 
orchardgrass silage, total and digestible NDF intake was increased by 19 and 24%, 
respectively. Similar effects were found in alfalfa, but the differences were not 
significant. In agreement with our results, Jacobs et al. (1992) presented a reduced NDF 
intake in grass silage treated with a cellulase/hemicellulase/glucose oxidase mixture, but 
found no effect of formic acid on NDF intake. Data from an earlier study (Jacobs et al., 
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TABLE 3. Intakes of total and digestible CDig.) DM, NDF, cellulose, and hemicellulose 
in orchardgrass and alfidfa silages. 
Treatment Tieatment 
Intake/Species Control Enzyme 
Enzyme+ 
inoculant 
En2ymB+ 
formic acid Mean 
Signi­
ficance 
— g/kg BW per d 
Total DM 
Orchardgrass 20.1 20.6 21.4 23.7 21.5 NS 
Alfolfa 37.4 40.3 40.9 41.5 40.0**» NS 
Mean 28.8" 30.5"° 31.2*" 32.6* t 
Dig. DM 
Orchardgrass 13.0 13.4 14.4 15.4 14.1 NS 
Alfalfa 23.1" 24.8* 25.4* 26.0- 24.8*** t 
Mean 18.0" 19.1"° 19.9^" 20.7* * 
Total NDF 
Orchardgrass 11.7* 8.8" 8.3" 10.5* 9.8 0* 
Alfalb 15.1 13.8 15.1 15.4 14.8** NS 
Mean 13.4 11.3 11.7 12.9 NS 
Dig. NDF 
Orchardgrass 7.9* 4.9" 5.3"° 6.1" 6.1 4<>K 
Alfialfa 6.2 4.3 5.5 5.9 5.5 NS 
Mean 7.1* 4.6° 5.4"° 6.0^" t 
Total cellulose 
Orchardgrass 6.7* 4.4" 4.2" 5.6*" 5.2 *• 
Alfalfa 9.7* 8.2" 8.9" 8.9" 8.9** * 
Mean OO
 
6.3" 6.5" 7.3*" t 
tF < .10, LSD ,0 used. 
*P < .05. 
**P < .01. 
***P < .001. 
••"•"Means in the same row with differoit superscripts differ (P < .05, P < .10). 
TABLE 3. (continued) 
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Treatmeat Treatment 
Eiizyme+ En:^ iiie+ Signi-
Intake/Species Gmtiol Enzyme inoculant fonnic acid Mean ficance 
g/kgBWperd 
Dig. cellulose 
Orchardgrass 4.9* 2.7" 2.9" 3.5" 3.5 * 
Alfalfa 4.8* 3.0" 4.1' 4.0* 4.0 
Mean 4.9* 2.9" 3.5" 3.8" 4> 
Total hemicellulose 
Orchardgrass 4.2 3.3 3.1 3.9 3.6* NS 
Al&lfa 2.6 2.3 2.6 3.1 2.7 NS 
Mean 3.4 2.8 2.9 3.5 NS 
Dig. hemicellulose 
Orchardgrass 2.8 1.8 2.0 2.3 2.2*» NS 
Al&lfa 1.0 .5 .7 1.4 .9 NS 
Mean 1.9 1.1 1.3 1.8 NS 
1991) suggested, however, improved NDF intake by formic acid treatment. 
Enzymatic hydrolysis of cellulose during ensiling reduced cellulose intakes of 
enzyme-treated orchardgrass and alfalfa silages compared with the controls (Table 3). 
Enzyme-treated orchardgrass silage had 34 and 45% lower total and digestible cellulose 
intakes than control silage, with no effect on cellulose intake by inoculant or formic acid. 
This agrees with results from Jacobs and McAllan (1991), who presented a lower 
cellulose intake in silage treated with a cellulase/hemicellulase/glucose oxidase mixture 
than in control grass silage. In alfalfa, enzyme reduced total and digestible cellulose 
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intake by IS and 38%, respectively, compared with the control (Table 3). Addition of 
inoculant or formic acid to enzyme-treated alfalfa silage increased digestible cellulose 
intake by 37 and 33%, respectively, to a level close to that of control silage. 
Averaged across treatments, alfalfa had nearly twice the total and digestible DMI as 
orchardgrass (Table 3). Other research has also shown a greater DMI of alfalfa than of 
orchardgrass (Goering et al., 1991; Thomson et al., 1991; Tyrrell et al., 1992; Holden 
et al., 1994). Alfalfa had a 51% greater total NDF intake, a 71% greater total cellulose 
intake, but a 25% lower total hemicellulose intake, and a 59% lower digestible 
hemicellulose intake than orchardgrass, when averaged across treatments. 
Dry-Matter and Cell-Wall Digestibility 
Due to the effect of formic acid, enzyme+formic acid treated alfalfa silage had a 
significantly greater DM digestibility at restricted intake than other treatments (Table 4). 
Others have reported no effect of formic acid on in vivo DM digestibility of grass silage 
(Jaakkola, 1990; Jacobs and McAllan, 1991; Jacobs et al., 1991; Jacobs et al., 1992). 
Enzyme-treated orchardgrass silage had a 15 % lower NDF digestibility at ad libitum 
intalffi than the control (Table 4). In addition, enzyme-treated alfalfa silage had a 25% 
lower NDF digestibility at restricted intake than control silage, but formic acid increased 
NDF digestibility of enzyme-treated alfalfa silage by 21%. Thus, NDF digestibility of 
enzyme-hformic acid treated alfalfa silage was similar to that of control silage. In 
agreement with our results, Jaakkola (1990) reported a decreased NDF digestibility in 
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TABLE 4. Digestibility coefficients of DM, NDF, cellulose, and hemicellulose at ad 
libitum (ad lib.) and restricted^ (lestr.) intake of orchardgrass and alfalfa silages. 
Treatment Treatment 
Digestibility/Species Control Enzyme 
Enzyme+ 
inocuiant 
Ba2yma+ 
formic acid Mean 
Signi­
ficance 
. . WIIMUUDU " 
DM, ad Ub. 
Orchardgrass 648 659 672 655 659** NS 
Al&Iia 619 615 622 626 620 NS 
Mean 633 637 647 641 NS 
DM, restr. 
Orchardgrass 634 642 652 647 644* NS 
Alfalfa 615" 618'" 621" 639* 623 t 
Mean 624 630 637 643 NS 
NDF, ad lib. 
Orchardgrass 685' 580" 641*" 586" 623*** t 
Alfalfa 409 314 365 388 369 NS 
Mean 547 447 503 487 NS 
NDF, restr. 
Orchardgrass 661 572 601 582 604** NS 
Alfalfa 45C 336" 338" 408* 383 
Mean 556* 454" 470" 495*" t 
Cellulose, ad lib. 
Orchardgrass 742 636 700 639 679** NS 
Alfalfa 501 364 464 453 446 NS 
Mean 622- 500  ^ 582-" 546"° t 
'Intake restricted to 18 g/kg BW per d. 
tP < • 10, LSD ,0 used. 
*P < .05. 
**P < .01. 
***P < .001. 
"••^"Means in the same row with different superscripts differ (P < .05, P < .10). 
TABLE 4. (continued) 
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Tnatmeat Treatment 
Eiuyine+ Enzyiiie+ Signi-
Digestibility/Species Control Enzyme inoculant formic acid Mean ficance 
g/kg c<n8iimed 
Cellulose, restr. 
Orchaidgrass 731 673 667 593 666* NS 
Alfelfa 526* 476*  ^ 408" 502' 478 * 
Mean 629 574 538 548 NS 
Hemicellulose, ad lib. 
Orchardgrass 667 519 627 577 597* NS 
Alfalfa 369 179 230 441 305 NS 
Mean 518 349 429 509 NS 
Hemicellulose, restr. 
Orchardgrass 615 511 610 609 586** NS 
Alfalfe 454 303 367 347 368 NS 
Mean 534* 407'' 489* 478-" t 
cellulase/glucose oxidase-treated silage and a negative linear relationship between NDF 
digestibility and cellulase rate. Different from our results, others have shown no effect 
of formic acid on NDF digestibility (Jaakkola, 1990; Jaakkola et al., 1991; Jacobs et al., 
1991; Jacobs et al., 1992). 
Enzyme+inoculant treated alfalfa silage had a 22% lower cellulose digestibility at 
restricted intake than control silage (Table 4). Enzyme alone decreased cellulose 
digestibility at ad libitum intake by 20% compared with control silage, when averaged 
across plant species. Inoculant increased cellulose digestibility of enzyme-treated silage 
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by 16% to a level similar to that of control silage. In agreement with our results, 
Jaakkola (1990) and Jacobs and McAllan (1991) reported a reduced cellulose digestibility 
by cellulase or cellulase/hemicellulase treatment combined with glucose oxidase. 
Additionally, Jaakkola (1990) found that cellulose digestibility decreased linearly with 
increasing cellulase. Enzyme-treated silage had a 24% lower hemicellulose digestibility 
at restricted intake than the control, when averaged across plant species (Table 4). This 
agrees with results from Jaakkola (1990), who also established a negative linear 
relationship between hemicellulose digestibility and cellulase rate. Inoculant increased 
hemicellulose digestibility at restricted intake by 20% compared with enzyme-treated 
silage. Although nearly twice as much cellulose as hemicellulose degradation occurred 
during ensiling, cellulose was more digestible than hemicellulose in both plant species 
(Tables 1 and 4). Similar results were obtained in a rumen in situ digestibility study by 
us, using the same plant species (Chapter 6). Because a large portion of hemicellulose is 
digested in the lower tract, whereas most of the cellulose is digested in the rumen (Van 
Soest, 1994), results from the rumen in situ experiment need to be interpreted carefully. 
Results by Tyrrell et al. (1992) also showed a more digestible cellulose in alfalfa, but 
different from our results, a less digestible cellulose than hemicellulose in orchardgrass. 
Because ad libitum intake of orchardgrass was only 19% greater than restricted 
intake (18 g/kg BW per d; Table 3), rate of passage did not likely influence DM or cell-
wall digestibility at ad libitum intake. Consequently, orchardgrass had similar DM and 
cell-wall digestibilities at ad libitum and at restricted intake (Table 4). Alfalfa, however, 
had twice as great ad libitum as restricted intake. The greater ad libitum intake probably 
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increased rate of passage and, thus, decreased cellulose and hemicellulose digestibilities 
at ad libitum compared with their digestibilities at restricted intake. Orchardgrass silage 
had similar in vitro and in vivo DM digestibilities, but alfalfa silage had 6 to 7 
percentage units greater in vitro than in vivo DM digestibilities within treatments (Tables 
1 and 4). This differs from data by Jaakkola (1990) and Jaaldcola et al. (1991), who 
generally presented a greater in vivo than in vitro organic matter digestibility of timothy 
{Phleian pratense L.) silages. Additionally, alfalfa had greater in vitro but lower in vivo 
DM digestibility than orchardgrass (Tables 1 and 4). Thus, differences among 
digestibility measurements are complex and need further investigations. 
Across treatments, orchardgrass had 5% greater DM digestibility, 63% greater NDF 
digestibility, 46% greater cellulose digestibility, and 76% greater hemicellulose 
digestibility than alfalfa, when averaged across digestibilities at ad libitum and restricted 
intakes (Table 4). Others have rq)orted similar differences in digestibilities between 
orchardgrass and alfalfa (Tyrrell et al., 1992; Holden et al., 1994). 
CONCLUSIONS 
Enzyme decreased proteolysis and improved silage fermentation in both plant 
species. Sugars released from enzymatic cell-wall hydrolysis favored homolactic 
fermentation, with a greater effect in alfalfa than in orchardgrass. The homolactic 
fermentation was further enhanced by use of inoculant. Formic acid restricted total 
fermentation, and consequently preserved reducing sugars in enzyme-treated silage of 
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both plant species. Additionally, formic acid decreased proteolysis in enzyme-treated 
alfalfo silage. Reduced cell-wall concentration in addition to improved fermentation 
resulted in a greater DMI of enzyme-treated silage, when combined with inoculant or 
formic acid. Bitensive cell-wall hydrolysis by enzyme during ensiling resulted in 
decreased NDF intake of enzyme-treated orchardgrass and decreased cellulose intake of 
both plant species, with a greater effect in orchardgrass than in alfalfa. Because much of 
the easily digestible portion of the cell-walls was degraded during ensiling, enzyme-
treated orchardgrass and alfalfa silages had lower NDF digestibilities than the controls. 
Enzyme also reduced cellulose digestibility of control alfalfa silage. Because of a lower 
DM concentration and a greater cell-wall hydrolysis, enzyme-treated orchardgrass silage 
contained more free water than enzyme-tieated alfalfa, and its different texture could 
have decreased intake and digestibility of the silage (Phillips et al., 1991). 
The greater soluble sugar and the lower acetic acid and NH3-N concentrations in 
enzyme+formic acid treated silage resulted in increased DMI of enzyme-Hformic acid 
treated silage, with most of the increase in DMI related to formic acid (WiUdns et al., 
1971). As a result of increased DMI, formic acid increased NDF intake of enzyme-
treated orchardgrass silage. Besides improved intake, the increased sugar concentration 
in enzyme+formic acid treated silage, especially at high yeast counts, can result in 
reduced aerobic stability of the silage, when exposed to air during feedout (Muck, 1993). 
If the energy from sugars and lactic acid can be conserved in the silage until fed to the 
ruminant animal, energy requiring processes needed for microbial growth, such as the 
microbial protein synthesis, would be enhanced (Van Soest, 1994). Thus, 
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enzyme+formic acid treated silage, with its increased sugar concentration and DMI, can 
improve the performance of ruminants with high raergy demands, such as early-lactation 
dairy cows. The improved homolactic fermentation and DMI of enzyme+inoculant 
treated silage may also improve animal performance, but probably to a lesser extent. 
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CHAPTER 6. CELL-WALL DIGESTION KINETICS OF ENZYME AND 
FORMIC ACID TREATED ORCHARDGRASS AND 
ALFALFA SILAGES  ^
A paper accepted by the Journal of Dairy Science 
E. M. G. Nadeau^, D. R. Buxton', E. Lindgren'*, and P. Lingvall^ 
ABSTRACT 
The objectives of this study were to determine the effects of a cellulase (from 
Trichoderma longibracfUatum) combined with formic acid, applied before ensiling, on 
subsequent cell-wall concentration and composition and on extent and rate of in situ cell-
wall digestion of orchardgrass (Dactylis glomerata L.) and alfalfa (Medicago sativa L.). 
Treated and control forages of both plant species were ensiled for at least 60 d before 
being digested in the rumens of two fistulated cows. Analyses of NDF, ADF, and acid 
detergent lignin were conducted sequentially on original and digested samples. Data 
were fitted with a first-order, nonlinear model to estimate extents and rates of digestion 
'Joint contribution of the Field Crops Research Unit and U. S. Dairy Forage 
Research Center of USDA-ARS, and Iowa State University. Journal Paper Number J-
16455 of the Iowa Agriculture and Home Economics Experiment Station, Ames, lA. 
Project Number 2709. 
^Department of Agronomy, Iowa State University. 
'Request reprints from D. R. Buxton, USDA-ARS, 1577 Agronomy Hall, Iowa 
State University, Ames, lA. 50011. Names are necessary to report factually on 
available data; however, the USDA neither guarantees nor warrants the standard of the 
product, and the use of the name by USDA implies no approval of the product to the 
exclusion of others that may also be suitable. 
^Dqpartment of Animal Nutrition and Management, Swedish University of 
Agricultural Sciences, 753 23 Uppsala. 
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of potentially digestible NDF, cellulose, and hemicellulose. Concentration of 
indigestible residue and lag time before digestion were also determined on the cell-wall 
components. After ensiling, treated silages averaged 19% lower NDF concentrations 
than the controls, with a greater effect in orchardgrass than in alfalfa. Extents of NDF, 
cellulose, and hemicellulose digestions, respectively, were 33, 37, and 27% lower for 
treated than for control silages. Treatment effects on extent of digestion varied between 
plant species. Treated orchardgrass had a 19% slower digestion rate of cellulose than 
the control. Indigestible residue concentrations of NDF, cellulose, and hemicellulose, 
respectively, were 7, 8, and 7% lower in treated than in control silage. Thus, extensive 
cell-wall degradation by enzyme during ensiling resulted in less digestible cell walls for 
rumen digestion but greater total cell-wall degradation, especially during early digestion 
in the rumen, and as indicated by the lower indigestible residue concentrations for 
treated silage. (Key words: silage, enzyme, cell wall, digestibility.) Abbreviation 
key: ADL = acid detergent lignin, IR = indigestible residue. 
INTRODUCTION 
Forage intake and digestibility are limited by forage cell walls, which are only partly 
digested by rumen microorganisms. Application of cell-wall degrading enzymes to fresh 
herbage before ensiling can decrease cell-wall concentration during ensiling and, 
therefore, increase the soluble and rapidly digestible portion of silage DM (16). Many 
studies have indicated decreased NDF and ADF concentrations in enzyme-treated silages 
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(20, 22). The most commonly used enzymes have been cellulases, hemicellulases, 
amylases, and pectinases. The degree of cell-wall degradation by enzymes has varied 
dq)ending on enzyme source and application rate, plant species, plant maturity, and DM 
concentration of the plants at harvest (16, 21, 26). Availability of the cellulose chain for 
enzymatic hydrolysis largely depends on the degree of lignification of the cell wall. 
Lignin, which forms a complex with hemicellulose, also protects cellulose from 
enzymatic and microbial attack (7). Additionally, rate of cellulose degradation is related 
to the amount of surface area accessible for cellulolytic enzymes (28). 
Cellulose and hemicellulose in the silage can be enzymatically hydrolyzed to soluble 
carbohydrates, which can be further fermented by lactic acid bacteria to lactic acid with 
a decrease of silage pH (16). Whereas enzymes stimulate sils^e fermentation, formic 
acid preserves silage nutrients and reduces pH by direct acidification. Formic acid has 
had littie or no effect on cell-wall degradation. Russell (19) found no apparent effect of 
formic acid on fiber degradation in com (Zea mays L.) stover silage. In some studies, 
formic acid treatment caused a small reduction of ADF concentration in alfalfa 
(Medicago sativa L.) as a result of acidic conditions caused by the rapid decrease of 
silage pH (13, 17). In studies on perennial ryegrass (Lotium pererme L.), however, no 
effect of formic acid treatment was shown on ADF degradation (9, 14). 
Silage with a reduced cell-wall concentration and a high nutritive value can benefit 
high performing ruminants. Enzyme or formic acid effects on digestion kinetics of 
silage have been studied in earlier research (4, 24, 26, 27). In some experiments, 
comparisons among plant species have been evaluated (1, 8, 27). There is, though, only 
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limited information available on the interaction between silage treatments and plant 
species and their effects on cell-wall digestion kinetics in the rumen. The objectives of 
this experiment were to determine the effects of enzyme in combination with formic acid 
on 1) cell-wall concentration and composition and 2) ruminal cell-wall digestion kinetics 
of orchardgrass {Dactylis glomerata L.) and alfalfa silages. 
MATERIALS AND METHODS 
Hant Material and Ensiling 
Orchardgrass and alfalfa were grown in two adjoining plots at the Agronomy and 
Agricultural Engineering Research Center of Iowa State University near Ames, lA. The 
soil was a Webster (Typic Haplaquolls) fertilized with 73 kg K and 38 kg P per ha 
during the spring of 1993. Orchardgrass was also fertilized with 114 kg N per ha on 
April 23, 1993. Forages were mowed, wilted in windrows, and chopped with a 
precision chopper. Orchardgrass was harvested for silage on June 6, 1993, at the early 
heading stage at a DM concentration of 270 g/kg, and alfalfa was harvested for silage on 
June 9, 1993, at the early bloom stage of maturity at 360 g DM/kg herbage. Enzyme 
and formic acid were separately sprinkled with waterpots over evenly spread herbage 
before ensiling, and additional herbage was ensiled without treatment as a control. 
Application rates of enzyme and formic acid (88%) were 10 ml/kg and 4 ml/kg of fresh 
herbage, respectively. Water was added to the control as well as to treated silage so that 
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a total of 4% liquid was added to the fresh herbage weight. Treatments were blended 
well with the forages before ensiling in polyethylene bags within 100 L sealed barrels for 
at least 60 d at room temperature. The enzyme was a liquid cellulase with some 
hemicellulolytic activity (Multifect™ CL, Genencor International, Rochester, NY), 
derived from Trichoderma longibrachiatum, and had a minimum carboxymethylcellulose 
activity of 2,S00 lU/ml. Treated and control silages were rq>licated four times for each 
plant species. 
In Situ Digestion Trial 
Silages were evaluated during the summer of 1994 in an in situ digestibility trial 
with two fistulated cows at Kungs^gen Research Station, The Swedish University of 
Agricultural Sciences, Uppsala, Sweden. First, freeze-dried samples were ground to 
pass through a 2-mm screen. Five grams of sample were then weighed into a 10 x 20 
cm polyester bag (#1020, Ankom Co., Fairport, NY) with a pore size of 50±15 fi. The 
bag was closed and tightened around a tygon tube ring with a plastic tie wrap. Each 
ring, which held up to six bags, was hooked to a plastic weight that was attached by a 
string to the cannula of the fistulated cow. Four treatment replicates within each plant 
species were randomly and equally assigned to the two cows so that each cow was 
assigned two replicates of each treatment. The nonlactating cows received 4 kg of grass 
hay and 1.5 kg of grain per day, which were equally divided into two feedings (6:00 and 
14:00). Bags were incubated in the rumen for 0, 4, 8, 12, 18, 24, 36, 48, 72, and 96 h. 
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Zero-time samples were duplicated, but a single sample per replicate was used for the 
other incubation times. After incubation, the sample bags were rinsed with warm water 
until the water remained colorless. Zero-time samples were not incubated in the rumen 
but were rinsed with water. The sample bags were then dried at 50° for 24 h and 
weighed. 
Chemical Analyses 
Analyses of NDF, ADF, and acid detergent lignin (ADL) concentrations were 
conducted on in situ sample residues and on original samples (6, 25). Hemicellulose 
concentration was calculated as the difference between NDF and ADF concentrations, 
and cellulose concentration was calculated as the difference between ADF and the sum of 
ADL-plus-acid insoluble ash concentrations. Final DM concentration was determined at 
105 °C for 4 h on subsamples of residues and original samples. 
Digestion Models 
The NDF, cellulose, and hemicellulose concenti^tions (g/kg initial DM) were fitted 
with a &rst-order, nonlinear digestion model (15). The model estimates extent and rate 
of digestion of potentially digestible NDF, cellulose, and hemicellulose, respectively. 
Also, the model estimates the lag time before digestion begins. Indigestible residue (IR) 
concentrations of NDF, hemicellulose, and cellulose were calculated as the difference 
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betwera their concentrations at zero time and the concratrations of their potentially 
digestible fractions. 
To present as ideal a picture as possible of DM digestion and lignin solubility, 
logarithmic curves were fitted to the DM and ADL concentrations (g/kg initial DM; 
Lotus Freelance Graphics 2.01 for Windows). Original lab data were used, however, 
when DM digestion and lignin solubility were described in the text. All data points were 
used in the logarithmic fit, except in the DM digestion of orchardgrass, where zero-time 
data points were excluded to better fit the intercepts of the curves to the zero-time data 
points. Compared with a power function, which also was tested, the logarithmic curves 
had better fits of their intercq>ts to the zero-time data points and similar R-squares (DM 
.80 to .97; ADL .66 to .93). 
Statistical Design 
Digestion data (extent, rate, lag time, and IR) were analyzed via analysis of variance 
for a 2 X 2 factorial experiment with treatment and plant species as factors (5). 
Replicates were nested within plant species, treatment, and cow. There often was a 
significant effect of cow on the digestion parameters. Because cow was used as a block 
factor in this experiment, its effect on digestion kinetics is not reported. Statistical 
differences in NDF, ADL, cellulose, and hemicellulose concentrations on rinsed zero-
time samples and on original samples were determined between plant species, between 
treatments and in the plant species x treatment interaction using the 2 x 2 factorial 
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design without cow as a block factor. Significant F-tests at the .05 (*), .01 (**), and 
.001 ("""*) levels of probability are reported unless stated otherwise. When the F-test is 
significant, least significant difference at P < .05 is used to sq)arate means in the plant 
species x treatment interaction. 
RESULTS AND DISCUSSION 
Cell-Wall Compositioii 
Enzyme in combination with formic acid decreased NDF concentration by 23% in 
orchardgrass and by 15% in alfalfa during ensiling compared with the controls (Table 1, 
nonrinsed samples). Similarly, cellulose and hemicellulose, respectively, were degraded 
58 and 75% more in orchardgrass than in alfalfa. The lower cell-wall degradation in 
alfalfa most likely was due to an almost two times greater lignin concentration in alfalfa 
than in orchardgrass. Also, control alfalfa had a lower NDF concentration with a 
smaller portion of cellulolytically degradable NDF compared with control orchardgrass 
silage. Consequently, differences between plant species in NDF, cellulose, and 
hemicellulose concentrations were less for treated than for control silage (Table 1). The 
enzyme+formic acid treatment had twice as great an effect for cellulose degradation as 
for hemicellulose degradation (orchardgrass 30 vs. 14%; alfalfa 19 vs. 8%). Averaged 
across plant species, there was a small but significant reduction of ADL concentration in 
enzyme+formic acid treated silage compared with the control (Table 1). Other research 
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TABLE 1. The NDF, acid detergent lignin (ADL), cellulose, and hemicellulose 
concentrations of control and enzyme+formic acid treated orchardgiass and alfalfa 
silages determined on original samples and on rinsed zero-time samples. 
Treatment 
Cell-wall component/ 
Species Control 
Enzyme+ 
formic acid Mean 
Species x treatment 
Significance LSD.05 
NDF 
Orchardgrass 
Alfalfa 
Mean 
NDF rinsed 
Orchardgrass 
Alfalfa 
Mean 
ADL 
Orchardgrass 
Alfalfa 
Mean 
ADL rinsed 
Orchardgrass 
Alfalfa 
Mean 
Cellulose 
Orchardgrass 
Alfalfa 
Mean 
546 
430 
488*** 
524 
399 
462*** 
24 
69 
25 
66 
303 
264 
283*** 
g/kg DM 
421 
367 
394 
363 
343 
353 
22 
65 
43 
19 
61 
40 
211 
213 
212 
483*** 
398 
444*** 
371 
23 
g7*** 
22 
63*** 
257*** 
238 
*** 
*** 
NS 
NS 
*** 
**P < .01. 
***P < .001. 
TABLE 1. (continued) 
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Treatment Species X treatment 
Cell-wall component/ 
Species Control 
!&izyme+ 
formic acid Mean Significance LSD, 
.05 
Cellulose rinsed 
Orchardgrass 
Alfalfa 
Mean 
Hemicellulose 
Orchardgrass 
Alfalfa 
Mean 
Hemicellulose rinsed 
Orchardgrass 
Alfalfa 
Mean 
291 
246 
268»*» 
217 
97 
157*»* 
206 
87 
g/kg DM 
192 
197 
194 
186 
89 
137 
149 
85 
117 
241*** 
221 
201 
93 
178*** 
86 
*** 
*** 
*** 
by us (Chapters 3 and 5) showed no effect of formic acid on cell-wall degradation in 
orchardgrass and alfalfa silages. Hence, fiber degradation in this experiment can be 
assumed to be due to the effect of enzyme. 
The effects of rinsing zero-time samples on the concentrations of cell-wall 
constituents were consistently greater for treated than for control silage. The average 
loss of cell-wall components during rinsing across species for the control and treated 
silage, respectively, was 5 and 10% NDF, 0 and 7% ADL, 5 and 8% cellulose, and 6 
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and 15% hemicellulose (Table 1). The NDF loss is similar to results reported earlier by 
Bosch et al. (2) and Hoffman et al. (8). Sample loss during rinsing is an estimate of 
sample solubilization in the rumen, which is an immediate and rapid process. 
Consequently, the effect of rinsing likely decreases during rumen incubation and, by late 
fermentation times, only is effective at rinsing small particles of rumen digesta and 
microorganisms that have migrated into the sample bag. 
In Situ Cell-Wall Digestion 
Because fiber degradation was greater during ensiling of enzyme-treated 
orchardgrass than alfalfa, differences in the extents of digestion between treated and 
control silages were greater for orchardgrass than for alfalfa. Additionally, differences 
between the control and treated silages in cell-wall digestion decreased during ruminal 
fermentation. By 36 h, 9S-1(X)% of the potentially digestible NDF, cellulose, and 
hemicellulose concentrations in alfalfa were digested, with only small differences 
between treatments. By 36 h in orchardgrass, however, only about 85 and 91% of 
digestible NDF, cellulose, and hemicellulose concentrations were digested in treated and 
control silage, respectively (Figures 1, 2, and 3). Given mean ruminal retention times of 
23.5 h for leaves and 31.8 h for stems of tropical grasses fed to sheep (12), then the 
short retention time could be limiting on fiber digestion in orchardgrass. Also, because 
of a lower secondary cell-wall concentration in temperate than in tropical grasses at the 
same maturity (29), temperate grasses, such as orchardgrass, probably have even shorter 
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Figure 1. The NDF concentration and fitted curve from nonlinear model for control 
(•) (—) and enzyme+formic acid treated (o) ( ) orchardgrass (A) and alfalfa (B) 
silages, remaining after indicated length of ruminal fermentation. Averaged square root 
of residual mean square is 14 (SE=5.7) g/kg initial DM. Data are averaged over four 
rq)licates. 
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Figure 2. Cellulose concentration and fitted curve from nonlinear model for control 
(•) (—) and en^me+formic acid treated (•) (—) orchardgrass (A) and alfalfa (B) 
silages, remaining after indicated length of ruminal fermentation. Averaged square root 
of residual mean square is 9.4 (SE=3.3) g/kg initial DM. Data are averaged over four 
replicates. 
142 
300 
® 250 
200 
150 
100 
%>-
100 
Ruminal fermentation time (h) 
300 
® 250 
100 
100 
Ruminal fermentation time (h) 
Figure 3. Hemicellulose concentration and fitted curve from nonlinear model for 
control (•) (—) and enzyme+formic acid treated (O) ( ) orchardgrass (A) and 
alfalfa (B) silages, remaining after indicated length of ruminal fermentation. Averaged 
square root of residual mean square is 4.5 (S£=2.4) g/kg initial DM. Data are 
averaged over four replicates. 
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retention times. 
Apparent lag times before NDF and cellulose digestion were approximately three 
times as long for orchardgrass as for alfalfa silage when averaged across treatments. 
Similarly, lag time before hemicellulose digestion was twice as long for orchardgrass as 
for alfalfa (Tables 2, 3, and 4; Figures 1, 2, and 3). These findings differ from those 
reported by Buxton and Brasche (3), who found no consistent effect of species in their 
comparisons of legume and cool-season grass stems on lag times before NDF and 
hemicellulose digestion. Similar to our results, they rqx)rted twice as long a lag time 
before cellulose digestion for grasses as for legumes. Enzyme+formic acid treated 
orchardgrass silage had nearly twice as long of a lag time as the control before NDF, 
cellulose, and hemicellulose digestions. In alfalfa, the lag before hemicellulose digestion 
was shorter in treated than in contirol silage (Tables 2, 3, and 4). Thus, the extensive 
cell-wall degradation of treated orchardgrass during ensiling resulted in cell walls that 
evidentiy were less accessible for microbial colonization and digestion and therefore 
delayed digestion in the rumen. Initial adhesion of microorganisms to plant cell walls 
normally occurs within 15 min (18). Initiation of microbial digestion, however, varies 
with cell surface structure, wall thickness, and lignification (29), and may explain the 
longer lag time for enzyme-treated than for control orchardgrass silage. Also, 
Adebowale and Nakashima (1) reported a slightiy longer lag time before NDF digestion 
of cellulase-treated than of control orchardgrass hay. 
Averaged across plant species, there were no differences between treatments in the 
rates of digestion of NDF, cellulose, and hemicellulose. Within species, 
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TABLE 2. Digestion kinetics of NDF of control and enzyme+formic acid treated 
orchardgrass and alfalfa silages. 
Treatment Species X treatment 
Digestion parameter/ 
Species Control 
Bizyme+ 
formic acid Mean Significance LSDoj 
Digestion lag, h 
Orchardgrass 2.6 6.0 4.3*** ** 1,2 
Alfalfa 1.4 1.5 1.5 
Mean 2.0 3.8»** 
Digestion rate, %/h 
Orchardgrass 7.4 6.4 6.9 P = .06 1.2 
Alfalfa 9.9 10.5 10.2»»* 
Mean 8.7 8.5 
Potentially digestible, 
g/kgDM 
Orchardgrass 378 230 304*** •it"* "7 
Alfalfa 197 154 176 
Mean 287»** 192 
Indigestible residue, 
g/kg DM 
Orchardgrass 147 133 140 NS 
Alfalfa 202 189 295K"it* 
Mean 161 
**P < .01. 
***P < .001. 
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TABLE 3. Digestion kinetics of cellulose of control and enzyme+formic acid treated 
orchardgrass and alfalfa silages. 
Treatment Species x treatment 
Digestion parameter/ 
Species Control 
Bizyme+ 
formic acid Mean Significance LSD.os 
Digestion lag, h 
Orchardgrass 2.6 6.1 4.3*** ** 1,2 
Alfalfa 1.4 1.5 1.4 
Mean 2.0 3.8*** 
Digestion rate, %/h 
Orchardgrass 7.8 6.3 7.1 • 1.4 
Alfalfa 9.2 10.1 
Mean 8.5 8.2 
Potentially digestible, 
g/kgDM 
Orchardgrass 222 130 176*** itciKilc ^ 
Alfalfa 148 105 126 
Mean 185*** 117 
Indigestible residue, 
g/kgDM 
Orchardgrass 69 62 66 NS 
Alfalfa 98 92 
Mean g4*:<')K 77 
*P < .05. 
**P < .01. 
***P < .001. 
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TABLE 4. Digestion kinetics of hemicellulose of control and enzyme+formic acid 
treated orchardgrass and alfalfa silages. 
Treatment 
Digestion parameter/ 
Species Control 
EnzymeH-
formic acid 
Species X treatment 
Mean Significance LSDo, 
Digestion lag, h 
Orchardgrass 2.6 5.9 
Alfalfa 2.9 1.3 
Mean 2.8 3.6 
Digestion rate, %/h 
Orchardgrass 7.3 6.6 
Alfalfa 13.3 12.6 
Mean 10.3 9.6 
Potentially digestible, 
g/kgDM 
Orchardgrass 146 93 
Alfalfa 40 42 
Mean 93»*» 68 
Indigestible residue, 
g/kgDM 
Orchardgrass 60 56 
Alfalfa 47 44 
Mean 54* 50 
4.2* 
2.1 
6.9 
12.9*** 
120*** 
41 
58*** 
45 
2.6 
NS 
»*• 
NS 
*P < .05. 
***P < .001. 
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enzyme+formic acid tended to decrease digestion rate of the cell walls in orchardgrass, 
but the treatment slightly increased digestion rates of NDF and cellulose in alfalfa. 
Treated orchardgrass had a 19% slower digestion rate of cellulose than control 
orchardgrass silage (Tables 2, 3, and 4). Similar results on cellulose digestion rate was 
presented by Van Vuuren et al. (26), who applied a commercial enzyme mixture to grass 
silage. Thus, hydrolysis by enzyme during silage fermentation was restricted to the 
more easily degradable cellulose, leaving the slowly degradable fraction for ruminal 
digestion (26). Averaged across treatments, alfalfa had 48, 37, and 87% greater 
digestion rates of NDF, cellulose, and hemicellulose, respectively, than orchardgrass. 
Additionally, rates of NDF (P = .06) and cellulose digestion within treatments were 
faster for alfalfa than for orchardgrass. 
Fiber degradation by enzyme during ensiling resulted in pardy digested cell walls that 
were less digestible for rumen microbes. As a result, the potentially digestible NDF, 
cellulose, and hemicellulose concentrations, respectively, were 33, 37, and 27% lower 
for enzyme-treated than for control silage, when averaged across plant species (Tables 2, 
3, and 4). There was a significant species x treatment interaction for the potentially 
digestible NDF, cellulose, and hemicellulose concentrations. Enzyme-treated 
orchardgrass silage had a 36% lower potentially digestible hemicellulose concentration 
than control silage, but there was no difference between treatments in the alfalfa silage. 
Effect of enzyme-l-formic acid treatment on potentially digestible NDF and cellulose 
concentrations, respectively, was 77 and 41% greater in orchardgrass than in alfalfa. 
Averaged across plant species, the IR concentrations of NDF, cellulose, and 
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hemicellulose, respectively, were 7, 8, and 1% lower in treated than in control silage 
(Tables 2, 3, and 4; Figures 1, 2, and 3). Consistent with this study, Van Vuuren et al. 
(26) reported a lower ruminally degradable cellulose fraction in enzyme-treated tiian in 
control grass silage using a commercial enzyme mixture. However, no effect on 
hemicellulose digestion was reported. Likewise, Chen et al. (4) rq)orted a lower 
ruminally degradable NDF fraction in enzyme-treated than in control grass-legume silage 
using a commercial enzyme mixture. Cell-wall degrading enzymes in silage hydrolyze 
potentially rumen degradable cell walls into cell solubles, thereby increasing the 
degradable fraction of organic matter and protein but decreasing the degradable cell-wall 
fraction (26). Additionally, formic acid can preserve sugars produced from the cell-wall 
hydrolysis by restricting sugar fermentation to organic acids, mainly lactic and acetic 
acid (16). 
Because of a lower lignin concentration and higher initial concentrations of the cell-
wall components, orchardgrass had greater extents of NDF, cellulose, and hemicellulose 
digestion than alfalfa. In addition, across treatments, orchardgrass had 28 and 30% 
lower IR concentrations of NDF and cellulose, respectively, but 29% greater IR 
concentration of hemicellulose than alfalfa (Tables 2, 3, and 4). The lower IR 
concentration of hemicellulose in alfalfa was the result of a 54% lower initial 
hemicellulose concentration in alfalfa than in orchardgrass. 
In Situ DM Digestion 
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Consistent with the cell-wall solubility, DM solubility, measured as DM loss during 
rinsing of zero-time samples, was greater for treated than for control silage with a nearly 
three times larger treatment effect in orchardgrass than in alfalfa (Figure 4). As a result, 
extent of ruminal DM digestion was 44% smaller for enzyme-f-formic acid treated 
orchardgrass silage than for the control. Alfalfa followed the same trend but the 
differences between the treatments were smaller. However, total DM disappearance 
(solubilization and digestion) during early hours of incubation was greater for treated 
than for control silage, with a greater effect in orchardgrass than in alfalfa (Figure 4). 
The greater treatment effect on early DM disappearance in orchardgrass is related to the 
greater ceU-wall degradation in enzyme-treated orchardgrass than in alfalfa during 
ensiling. These findings are in agreement with results reported by Adebowale and 
Nakashima (1) and Chen et al. (4). Marshall et al. (13) found a decreased rumen 
soluble DM concentration in formic acid treated compared with control alfalfa silage. In 
this study, the strong effect on increased solubility by enzyme exceeded the effect of 
formic acid on decreased DM solubility. The DM of both species was rapidly digested 
until 18 h of ruminal incubation, representing disappearance of cell solubles and easily 
degradable cell walls (Figure 4). Then DM (cell-wall material) of orchardgrass 
continued to be digested at a slow rate up to 96 h. Dry matter digestion of alfalfa, 
however, seemed to be completed after 36 h. The latter course of DM digestion 
followed the same trend as NDF digestion and at late fermentation times only slow cell-
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Figure 4. The DM concentration and fitted logarithmic curve for control (•) (—) 
and enzyme+formic acid treated (o) (—) orchardgrass (A) and alfalfa (B) silages, 
remaining after indicated length of ruminal fermentation. Data are averaged over four 
replicates. 
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wall digestion occurred. Similar to cell-wall digestion, differences between the two 
treatments in DM digestion decreased during ruminal incubation. Averaged across 
treatments, orchardgrass had a 28% lower residual DM concentration at 96 h than 
alfalfa, which also was true for the IR concentration of NDF. Residual DM 
concentrations at 96 h for control and treated silages (orchardgrass 177 and 165 g/kg 
DM; alfalfa 251 and 228 g/kg DM) were somewhat greater than the IR concentration of 
NDF (Figures 1 and 4; Table 2). 
Lignin Solubility 
Rumen solubilization of lignin is partly a result of microbial activity and may be 
caused by solubilization of carbohydrate esters of phenolic monomers in the cell walls 
(10, 11). There was an apparent solubilization of lignin during ruminal fermentation of 
the silages in this study. Averaged across treatments, 43% of ADL in orchardgrass and 
14% of ADL concentration in alfalfa disappeared during the 96 h incubation period 
(Figure 5). Because of a greater initial lignin concentration and a less soluble lignin in 
alfalfa, the lignin residue at 96 h was much greater for alfalfa than for orchardgrass. 
The greater ADL disappearance in orchardgrass than in alfalfa probably was related to 
the greater enzyme effect on cell-wall degradation during ensiling of orchardgrass. 
Enzyme may have modified the ligno-hemicellulose complex during hydrolysis of 
cellulose, and the complex may, therefore, be easier digested by rumen microbes (23). 
However, lignin concentration as a percentage of DM remaining in the sample bag 
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Figure 5. Acid detergent lignin (ADL) concentration and fitted logarithmic curve 
for control (•) (—) and enzyme+formic acid treated (o) (—) orchardgrass silage, and 
control (•) (—) and enzyme+foimic acid treated (O) (™) alfalfa silage, remaining 
after indicated length of ruminal fermentation. Data are averaged over four replicates. 
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increased during rumra incubation and was almost twice as great at 96 h as at 0 h, with 
the increase being greater in alfalfa than in orchardgrass (orchardgrass 72 vs 42 g/kg 
DM; alfalfa 228 vs 117 g/kg DM). The greater increase in alfalfa was related to the 
lower ruminal disappearance of ADL concentration in alfalfa than in orchardgrass. 
CONCLUSIONS 
Enzyme hydrolyzed the cell walls of ensiled forages thereby leaving less degradable 
fibers for microbial digestion in the rumen. As a result, potentially digestible NDF, 
cellulose, and hemicellulose concentrations were smaller in en2yme+formic acid treated 
than in control silages. The greater lignin and tiie lower initial NDF concentration in 
alfalfa caused enzyme to hydrolyze more of the cell walls in orchardgrass than in alfalfa 
during ensiling. Consequentiy, the effect of enzyme+formic acid treatment on the 
potentially digestible cell-wall concentration was greater in orchardgrass than in alfalfa. 
The lower IR concentrations of NDF, cellulose, and hemicellulose in treated silages 
compared with the controls suggest that more of the fibers are being degraded to cell 
solubles. Most of this difference in fiber degradation occurred during ensiling and 
caused a greater total cell-wall degradation, especially during early ruminal incubation, 
in enzyme-tireated compared with control silage. Hence, total DM disappearance during 
early hours of ruminal digestion was greater for enzyme+formic acid treated than for 
control silage with a greater effect in orchardgrass than in alfalfa. Use of formic acid 
restricts silage fermentation leaving more of the cell solubles for direct utilization by the 
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ruminant animal. Enzyme in combination with formic acid can, therefore, improve 
silage utilization by high producing ruminants, such as lactating dairy cows, where a 
short rumen retention time can be limiting for forage digestion. 
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CHAPTER?. GENERAL CONCLUSIONS 
Addition of cellulase at 2, 10, and 20 mL kg ' herbage (minimum 
carboxymethylcellulose activity: 2500 lU mL'') decreased NDF concentration of 
orchardgrass and alfalfa silage ensiled from 270 to 350 and from 320 to 400 g DM kg ', 
respectively. Because of a lower lignin and a greater initial cell-wall concentration, 
cellulolytic cell-wall degradation was greater in orchardgrass than in alfalfa silage. The 
NDF concentration in alfalfa and orchardgrass silage decreased with increasing cellulase 
up to 10 and 20 mL ' herbage, respectively. Because of less degradable cell walls in 
mature plants, immature plants were more responsive than mature plants to increased 
cellulase application. Additionally, cellulase degraded twice as much cellulose as 
hemicellulose, when averaged across species. Cellulase applied at 0.3, 0.6, 1.2, and 2.4 
mL kg'' herbage had only small effects on cell-wall concentration in orchardgrass and 
alfalfa silages ensiled near 600 g DM kg '. Lack of significant cell-wall degradation in 
these high DM silages is probably related to insufficient water because enzymes use 
water as their transport medium. 
As cell-wall degradation increased with increasing cellulase application to 20 mL 
kg ' herbage, sugar concentration also increased, with a greater effect in orchardgrass 
than in alfalfa silage. The lactic:acetic acid ratio was not increased when cellulase, 
combined with inoculant of lactic acid bacteria, was applied at more than 2 mL kg ', 
which reveals that this cellulase rate provided sufficent sugars for good homolactic 
fermentation, when inoculant was added to the cellulase. Inoculant generally improved 
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fermentation more, in terms of decreasing pH, and NH3-N concentration and increasing 
lactic:acetic acid ratio, in cellulase-treated orchardgrass than in alfalfa silage. Control 
silages were generally well fermented, especially control orchardgrass. Alfalfa has 
higher buffering capacity and is, therefore, not as easily fermented as orchardgrass. 
Hence, cellulase alone had a greater effect on fermentation in alfalfa than in 
orchardgrass silage. When formic acid was added to cellulase-treated silage, 
fermentation was restricted and sugar concentration was, consequentiy, increased. 
Additionally, proteolysis was restricted because of rapid pH decline by direct 
acidification of the herbage. Formic acid decreased lactic acid, acetic acid, and NH3-N 
concentrations more in alfalfa than in orchardgrass silage. 
This improved fermentation in combination with decreased cell-wall concentration 
resulted in a greater DM intake by lambs fed cellulase-treated silage, when combined 
witii inoculant or formic acid. Because cellulase had only a small effect on the 
indigestible residue concentration of tiie silage, the effect of reduced cell-wall 
concentration on silage intake was limited. The increased DM intake of 
cellulase+formic acid treated silage was mostiy related to the improved preservation by 
formic acid in terms of greater soluble sugar and lower acetic acid and NH3-N 
concentrations. Improved homolactic fermentation was probably the greatest reason for 
increased DM intake of cellulase+inoculant treated silage. Because of extensive 
degradation of the easily digestible portion of the cell walls during ensiling, cellulase-
treated orchardgrass silage had lower NDF intake and boUi plant species had lower 
cellulose intake, with a greater decrease in orchardgrass than in alfalfa silage. 
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Additionally, potentially digestible NDF, cellulose, and hemicellulose concentrations in 
the rumen of dairy cows were lower for cellulase+formic acid treated than for control 
silage, with a greater decrease in orchardgrass than in alfalfa silage. Likewise, 
cellulase treatment decreased apparent NDF digestibility in lambs in both plant species. 
Extensive cell-wall degradation by cellulase during ensiling resulted in greater total DM 
and cell-wall disappearences during early hours of ruminal fermentation of 
cellulase-l-formic acid treated silage than of control silage, with a greater effect in 
orchardgrass than in alfalfa silage. 
If the sugars preserved by formic acid can be conserved in the silage until fed to the 
ruminant animal, cellulase in combination with formic acid can improve silage utilization 
by high producing ruminants, such as young, growing cattie and early-lactation dairy 
cows, where short rumen retention time and high rate of passage limit forage digestion. 
This is especially important for grass silage, with its longer rumen residence time than 
legume silage. Because 65 to 75% of the variation in energy intake can be related to 
DM intake, the increased DM intake of cellulase-treated silage, when combined with 
inoculant or formic acid, can improve the performance of ruminants with high energy 
demands. 
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